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SUMMARY
The response of a variety of materials subject to impact shock loads
was investigated with a 38mm diameter Kolsky bar. Strain rates up to
approximately 4000 strain/second were achieved by using a 4.5g SX2
explosive charge to 1initiate an incident stress pulse of maximum

amplitude, 560 ¥/mn=,

The errors assaoclated with the apparatus (ie magnetostrictive
electricity, electromagnetically induced signals, dispersion,

attenuvation, and specimen geometry) were examined, and evaluated.

The rod velocities for the materials were determined by analysis of

the pressure bar traces and by a dynamic photoelastic technique.

Axial and radial strains were measured 1in both pressure bar and
specimens. This investigation was to find the delay in development of
radial strain under dynamic loading conditions, and to assess Poissong
ratio for small specimens of explosive. The method was also used to

detect shear waves in the presssure bar,

Specimen bebaviour was examined in four ways:

1. Pressure bar data was analysed using Lindholm and Yeakley’s (1968)
method to determine stress/strain for the specimen. The pressure bar
data was corrected for dispersion using a FFT and Bancrofts (1941)
data

2, Huéoniots were produced for the explosives. The strain time
relationship was differentiated to find the average particle velocity
for the specimen, which was compared to the theoretical particle

velocity at the shock wave front.
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3. Fracture planes in the Perspex specimens were subjected\ to -

examination with an electron scanning microscope.
4. Acoustic emissions were recorded for explosive specimens in the

Kolsky bar, and compared to ERSG response
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| CHAPTER 1
1. INTRODUCTION
This thesis presents the findings of an investigation into the
response of materials to 1mpact’ shock loads. The work was
comnissioned for section B§P1 of the Royal Armament and Development
Establishment, Fort Halstead, the Ministry of Defence Procurement
Executive. The work was carried out at the Department of Civil and
Structural Engineering of the University of Sheffield. The duration
of the investigation was three years, from October 1985 to October
1088, which was also the period of registration for the degree of
boctor of Philosoply.

1.1 Alns of the investigation

The aims of the investigation were to design, construct and
commission experimental equipment to study the response of various
materials to impact shock loads. The impact shock loading to be
considered was to produce a strain rate in the specimen of the order
of 1000 strain/second.

1.2 Literature review

The literature review is sub-divided into six categories:
(1) The theory of stress wave propagation
(11) Experimental techniques of general interest
(111) Experimental methods reported
(iv) Errors associated with SHPB tests
(v) High strain rate properties of Materlals previously reported
(vi) The use of explosives to produce controlled stress pulses
1.3 Equipment
A vertically aligned Kolsky bar (split Hopkinson pressﬁre bar)
apparatus was desiéned and constructed to carry out the high strain
rate testing of thin discs of materials (38mm diameter x approx 8mm

high). The pressure bars used DTD 5212 maraging steel (solution
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treated), -with a yield stress 0f 1000 §/mm. - The velocity of elastic
wave propagation in this material was 4821 w/s. The bars were
supported in a rigid vertical frame, and the stress wave was produced
by 4.5g of SX2 plastic sheet explosive, detonated by an L2A1
detonator. The strain produced 1in the pressure bars by the stress
wave, was measured by lmm electrical resistance strain gauges (ERSGs)
on the pressure bars.
1.4 Experimental techniques and data acquisition systems

Different experiments were designed to £find important dynamic
properties of materials, including: rod velocity, Poisson”s ratio,
cracking behavipur, and setress/strain relationship. Experimental
techniques 1included photoelasticity. and the development of a
different ERSG bonding technique. for bonding strain gauges to
explosives., Fracture planes produced under static, and dynamic stress
conditions were compared using an electron scanning microscope. The
method of recording stress pulse data from Kolsky bar tests was to use
digital storage oscilloscopes and transfer the data to an IBX
compatible personal computer (OLIVETTI M24).

1.5 Experimental obsgervations

Interference and distortion of the stress pulse were observed,
and some of the wors€ effects were either eliminated at the apparatus
or later during analysis of the data. Dispersion, attenuation,
electromagnetic and electrostatic signals were examined in detail for
the 38mm diameter Kolsky bar system. The effects of using two
different methods to iproduce a stress pulse were compared, and the
transverse strain reéponse of different bar diameters was- also

compared.
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" 1.6 Analysis of Kolsky bar data

Analytical techniques were applied to the test data to: filter
out high frequency interference on the strain/time record; predict
theoretical reflected and transmitted pulses for a given 1incident
pulse; * calculate the stress/strain history for the specimen; calculate
the pressure/particle velocity relationship for the specimen.

1.7 Discussion

The results reported in chapters 5 and 6 are discussed, and
explanations of observations developed.
1.8 Conclusions

Conclusions are drawn from the experimental data and analysis.
1.9 Future work

Suggestions of ways in which the research might usefully be

continued are given in this chapter.
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2. LITERATURE REVIEV

2.1 The theory of stress wave propagation

The theory of wave propagation 1s covered thoroughly in texts
such as GOLDSMITH (1960) and KOLSKY (1963, but a more useful treat-
ment 1s given by JOHNSON (1972), who distils all the relevant material
and presents it in a form readily understood by engineers. ZUKAS et al
(1984) have compiled a useful body of literature on the subject which
includes theory and practical applications. For convenience, the
fundamental equations and phenomena assoclated with elastic wave
propagation are summarised in this section (2.1),

2.1.1 Definition of a stress wave

A stress wave 1is transmitted through a body when the different
parts of that body are not in equilibrium. Material properties
dictate that a finite time is required for the disequilibrium to be
experienced by other parts of the body. Lack of local equilibrium near
the reglon of the stress pulse leads +to particle motion in order to
adjust to the instantaneous stress distribution. It is the ability to
adjust to local disequilibrium which is propagated at a certain
characteristic speed. It should be noted that the speed of stress wave
propagation is not the same as particle velocity.

2.1.2 Elementary theory of one dimensional wave propagation in

cylindrical rods

2.1.2.1 Longitudinal waves

A force is applied to an element of a previously stationary
uniform rod, (Fig. 2.1), causes the element to accelerate (see Fig,

2.2) so that 1its equation of motion can finally be written as

27



Slu = c’.gig | -where c=[E | 2.1
ot ot? P
which has the general solution:
U=f£XX-ct) + FXX + ct) 2.2
where F and f are independent arbitrary functions
Now 1f one of the fun?tions is <zero, then it can be shown by
equating the same value of di%turbance, U =8, in a propagating pulse,

see Fig. 2.3, that

Xz - Xa

c :
' ta - ta

2.3
C 1s the velocity of elastic wave propagation which for the

longitudinal wave is written as:’

C. = “E 2.4
The Avelécify_of' elastic wSVé.;p}opagation is independent of
particle velocifyyéssociéted with the Qave. In anisotropic materials
such as concrete{‘ feculiar effects ‘may arise and modify C. because E
is different in tension and compréssioﬁ;
The intensify of stress propagated longitudinally can be shown
to be:

O = /L,C,V., 2.5

Peo 1s density in unstrained state
C. is velocity of elastic wave propagation
Vo is particle velocity
and the quantity 0.C. is known as the mechanical impederice

of the bar.
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2.1,2.2 Torsional waves

The equation of motion for a torsional pulse may be written in a

similar way to that for a compressive pulse.

2.6

a
n
la}

when R 2.7
. and where G 1s the shear modulus
Cr is the velocity of propagation of a torsional pulse.
The torsional pulse 1is not subject to dispersion as 1t
propagates along the bar.

2.1.3 The reflection and superposition of stress waves

The basic wave equation is 1linear andv‘will therefore allow
superposition of pulses. Therefore if a rod experiences‘two pulses and -

the pulses interfere with each other. the result 13 a simple addition

of the respective stress/time histories. S

Vhen a pulse approaches and is‘reflected:ffoﬁ fﬂevffee énd ofna‘~
rod, the solution may be derived by superimpusing a mirror 1mage of
the stress/time history, and adding the result 1n the region of the

real bar. See (Fig. 2.4)

2.1.4 The transmission of stress waves betweenk bars of different

material and cross sectional area

For an incident elastic compressive wave of intensity o; moving
from left to right across the disconfinuity A B (See Fig. 2.5), the
resulting stress wave can be shown to be:

(a) Transnmitted wave

280.Ca” . |
.0
AspaCz + AapaCy | 2.8

Cr ™
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- (b) Reflected wave

- AafaCa - AupaCa 2.9

Or :
A2faCa + A3 piCy

2.1.5 The general theory of elastic stress wave propagation

The elementary theory of section(f{%)describes a pulse of single
wave length. However a pulse normally has a wide band of constituent
frequencies, which significantly affects the propagation of the pulse.
JOHNSON (1972) has shown that the radial motion of particles in the
bar may only be neglected if the ratio of wave length of the pulse to
diameter of the bar is greater than 6.

A further approximate theory may be consulted:
1f radial motion {s included, the equation of motion may be written

thus:

|
%u - va* . d'u _ Ed%u |
Plger wae? | T et 2.10
and Rayleigh”s solution is
¢ a
& = 1=Vt ($)? 2.11
o .

where C, is the individual phase velocity for a frequency

A 1s wavelength

Therefore the velocity of a wave depends on its frequency, and
as a pulse comprises many frequencies the pulse disperses because
higher frequencies travel at a slower speed than low frequencies.

SKALAK (1957) produced the solution for co-axial impact stress
wave propagation in bars of infinite length, but this is unusable for
bars with finite length. CONWAY and JACUBOVSKI (1969) analysed a

similar system and compared their results with experimental data (see
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Figs 2.6 and 2.7) The theoretical result shows similarity in rise
time, and also in the oscillations which follow the end of the initial
rise of the pulse.

2.1.6 Theory of elastic stress wave propagation in an extended medium

The general principles outlined for rods can be developed for a
medium extending in all directions (see Fig. 2.8). ; The equation of
motion 1in cartesian coordinates for an element where the stress wave

is acting in the O, direction is written as:

acxx aryx Srzx
+ + +
3 P) )
b4 y Z

>
"
o:lo:
N
. L

2.12

ct

where X is the component of body force acting in the X direction
The solution of the equation <(assuming no body forces are

operative, and all strains are small) 1s:

(G + 1) 2Je + oV2u = pazul '
ox_ . ot7 2.13

Aand G are LANES constants and

A = e |
(1 -v) (1 +2v )

-2 2 2
and V2 = a : a + a
ax " 3yZ 32T

|
|
|
|

There are two types of body waves which must be considered:
Equivoluminal waves
Irrotational waves

2,1.6.1 Equivoluminal waves

These are defined as those which arise from equation (2.13) and

involve no change of volume as the body is distorted in the x
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direction. This means that such waves may give rise to distortion and

rotation.

The solution to the equation of motion becomes:

2
- Viu 2.14

and the velocity of propagation is

C. = fi 2.15
+ /O .
2.1.6.1 Irrotational waves
These require the condition : Ve =V, =V, =0
The solution to the equation in motion becomes:
92u A+ 2
8 < v2u 2.16

ot< T

and the velocity of propagation is:

Ca = [(A*26) 2.17
e

These two types of body waves can be combined by superposition

to describe any general disturbance. The waves are however distinct,
and have different wave velocities. In seismology equivoluminal waves

are known as S (Shake) waves, while irrotational waves ar known as P

(Push) waves.

There is an additional wave to consider.
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2.1.6.3 Surface waves

Vaves which travel along the surface of a solid (named after

Rajeigh, 1885) have a velocity described by:

Ca = £CW <]
P
that is Ca = £(VICyr 2.18

where f(v) 1is a function of Poisson”s ratio

for example:

v = 0.25 Ca = 0.9194C+

v = 0.5 Ca = 0.9553C~

Love waves are another type of surface wave, and it 1is
distinguished by the fact that it is confined to a relatively shallow
surface zone, and is also a shear wave.

2.1.7 Pochhammer Chree equations for cylindrical rods

Blemehtary theory models the situation where a single wave-
length, which is much greater than the bdbar diameter, represents the
pulse. In reality a pulse is made up of a band of frequencies, and
each frequency has a different phase velocity (C.). Pochhammer (1876)
and Chree (1889) presented an exact general theory to derive the phase
velocity for each frequency, with respect to Poisson”s ratio,
wavelength, and bar radius.

The frequency equation is of the form
S=1t0,0 2.19

< A

" and for Longitudinal stress waves, Raleigh arrived at the equation:

Cr=1 -vanz(a)z 2.20
Ce A

33



which also demonstrates that as the wavelength 4 gets very large, the
phase velocity approaches the C. value, which is the Elementary Theory
condition.

It should be noted that shorter wavelengths will have a slower
velocity than longer wavelengths.

This 1is the ©basic mechanism for the dispersion of an elastic
stress pulse.

If must be appreciated that Pochhammer Chree type solutions are
limited in their application, because realistic end conditions are
difficult to achieve in the nodel. However, BANCROFT (1941) produced
the solution for the first mode of vibration (See Fig. 2.9) and DAVIES
(1948) produced the solution for the first three modes of vibration in
cylindrical bars. (See Fig. 2.10). The data presented by BANCROFT
have been used to correct the phase velocities of the stress pulse
constituent frequencies, for the purpose of removing the effect of
dispersion from data records [YEV and CHER (1980); HSIEH and KOLSKY
(1957)1.

2.2 Experimental technigues of general interest

In the experimental work described latef. techniques for
measuring strain, movement of specimen boundaries or monitoring
specimen damage were considered. Some of the literature of general
interest on these techniques is briefly reviewed here.

2.2.1 Moire fringe

Moire fringes are formed when two gratings (series of regular
parallel lines for example) are superimposed. If one of the gratings
is stretched, then the fringe pattefn alters (see Fig. 2.11), and
therefore the basis for strain measurement is formed. NURSE (1978)

outlined the subject in a helpful way, and the method has been used

with a finite element technique to monitor the behaviour of a notched

34



beam'vundér static ldading conditions (GILBERT et al 1987). The work
demonstrated the aécuracy of this method (to within a few %) 1in
showing the stress values 1n a complex stress situation. The
technique has also been used by ARMENAKAS and SCIAMMARELLA (1973) for
tensile tests on glass fibre reinforced epoxy specimens at high rates
of strain (500/s). A grid was printed on the specimen, and the static
grid was placed 1in front of the specimen. The event was illuminated
by a pulsed ion laser, and photographs were taken using a 24 framé
BECKMAN and VHITLEY high speed ( 2,000,000 frames/second) rotating

mirror camera. The grid line spacing used was 50@/inch.

2.?.2 Photoelasticity

| Photoelasticity i1s a technique which has been used for many
yéars to observe stress changes in unusual structural members (more
recently -~ orthotropic beams (SULLIVAN, BLAIS and OENE (1987)).
STANLEY (1977) edited four papers which deal with the practical
aspects of the technique, which involves the use of a polariscope,
which 1is simply a light source, and a means of producing and analysing
plane polarised light. The specific type of polariscope chosen
depends on the purpose of the photoelastic work. For example the
plane plariscope (see Fig. 2.12) is used to determine princip.) stress
directions from isoclinic fringes (these are the dark fringes arising
from the principaj stress being aligned parallel to the polarising
axis of the polariser (see Fig. 2.13)). In dynamic photoelasticity
(which has been thoroughly reviewed by TAYLOR, 1965) {1t 1s the
isochromatic fringes which are of more significance. The isochromatic

i

is an interference fringe, and 1f the stress changes significéntly.
the next order fringe appears (see Fig 2.14).
CORRAN, MINES and RUIZ (1983) used the dynamic photoelasticity

technique on an instrumented polyurethane specimen in a Charpy impact

test. The use of the dynamic photoelastic technique usually requires
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high speéd.photography,' and useful guidance and technical hints are
given in the High Speed Photography and Photonics papers (1978), where
the high speed rotating mirror camera is described. Perspex has
proved to be a useful material for observing the passage of large
amplitude shock waves (CHRISTIE 1954).

2.2.3 Acoustic emissions

Since the advent of ferroelectric polymers (MARCUS 1981) a good
deal of use has been made of the high sensitivity and voltage outpuf
of these plezoelectric films. The film is so sensitive that it can be
used as a microphone, and the application has been developed for
extremely sensitive acoustic emnission transducers (ABTs).  The AET
has been used in the mnon destructive testing and evaluation of steel
ropes (CASEY 1987) where the acoustic emissions recorded from the rope
immersed in water éan be checked against characteristic emissions from
ropes known to have broken wires. AETs can also be used to record
information about the damage kinetics of materials under loading
conditions <(ARRINGTON 1981). As a material deforms, cracks and
ylelds, energy is released in the form of aéoustic emissions, and the
amplitude and frequency of these emissions can be used to help to
describe a material”s behaviour. LEPS et al (1986) attempted to
explain the relationship between acoustic emission and the
micromechanics of rubber 1n uniaxial tensile tests. LABUS et al
(1987) used AETs to characterise fracture in rock. A network of
plezoelectric transducers were used for acoustic emission detection,
with the aim of locating the principle areas of acoustic emission in
?he fracturing rock.

¥AJ1 and SHAH (1988) made acoustic emission measurements in

concrete to obtain information about micro-cracking, debonding and
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“intergranular friction. 'Acdustic emiséion CAE) aata may be used to:
(a) predict the extent of internal damage of the concrete
(HAMSTAD 1986)
(b) determine the critical energy release (ISZUMI et al 1984)
(c) distinguish various damage mechanisms at different loading
stages (TANIGAVA et al 198®)
(d) locate the source of AE activity
(e) distinguish the volume, orientation and type of microcrack."
The problem with AETs is that they are difficult to calibrate,
and are insensitive to impingement angle of the emission, wunless
vector calibration is carried out (SIMMOES et al 1987).

b
2.3 Experimental methods

The problem of échieving high rates of stirain in specimens has
been tackled in a variety of ways and the methods reported are
reviewed in this section.

The types of metbod adopted depend upon the mechanism being
examined. The review covers:

(a) dynamic compression

(b) dynamic tension

(c) dynamic torsion

2.3.1 Dynamic compression

2.3.1.1 Hopkinson pressure bar
The method first introduced by HOPKINSON (1914) involved the use

of an elastic steel anvil bar to transmit a stress wave into a
specimen.  Hopkinson measured the momentum of the pulse from short
cylindrical time pileces, but DAVIES (1947) {improved on this by

instrumenting the bar 1in order +to obtain a trace on an oscilloscope.

vy
e

el
Alternatively the specimen may be projected at high velocity towards
ol
the spicimen and the pressure transmitted into the bar measured (BRADE pd

1986). The Hopkinson bar 1is therefore an instrumented pressure bar
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‘used to measure the amblitude and'duratioh_of a stress wave. The most
common means of instrumenting the bar being ERSGs connected to a
Vheatstone bridge (see Fig. 2.15).

2.3.1.2 Kolsky bar (split Hopkinson bar)

A very useful development of the Hopkinson pressure bar was
carried out by KOLSKY (1949), The specimen is sandwiched between two
pressure bars, (Fig. 2.16) and three stress waves can be monitored:

(1) the incident wave moving towards the specimen

(i1) the reflected wave returning from the specimen/bar interface

(111) the transmitted wave which has passed through the specimen
into the transmitter bar

The value of )ihis method lies in the convenient way that the
three stress waves ’may be combined to produce a stress/strain history
for the specimen (LINDHOLM and YEAKLEY, 1968). This simple
configuration has been popular among research workers, and while it
has some associated errors (which are outlined in section 2.4) it has
achieved a well established position among high strain rate testing
methods. Kolsky bars are normally made from steel, but some workers
have used concrete (SANDERSOR, 1987 and GOLDSMITH et al, 1966).

The Kolsky bar technique has been used by geologists to examine
the dynamic energy absorption of granite (LUNBERG, 1976) and also the
bulking of specimens of granite and lipestone when subjected to high
strain rate compression (JANACH, 1976). SHIORI and SATOH (1979) used
the Kolsky bar where the ultrasonic pulse velocity was monitored

during plastic deformation of the specimen.

2.3.1.3 Direct impact

A logical development from the Kolsky bar is to replace the
input pressure bar with a projectile, SAMANTA (1971) fired a
projectile at the specimen and obtained very high compressive strains

on small specimens of aluminium and copper. Whilst Samanta used a
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traditiohally gauged output bar for determining load, he wused an
optical technique to observe strain directly. This is the principle
adapted by GORHAX (1980) and refined by POPE and FIELD (1984). WULF
and RICHARDSON (1874), however, used a co-axial capacitor to measure
strain in metal specimens (also VINGROVE, 1971). Strain rates up to
100000/s have been reported from this method. A typical direct impact
system 1s shown 1n Fig. 2.17. The direct impact methods reported are
best suited to pure metals, because of the small size of specimeﬁ
required to obtain the desired strain rate. Volf and Richardson’s
specimen was 6.25mm diameter x 6.25mm high, and Gorhams specimen was
only 1 - 2mm diameter by 0,5 -1mm long. The advantage of a small
specimen 1is that the shock wave can be easily produced by a projectile
fired from an airgun, and still obtain a very high rate of strain (for
example, DHARAN and HAUSER 1970 tested aluminium at strain rates up to
120000/s). The pressures rgached in direct impact tests are reported
to be around 2GPa (MENTHA et al, 1984). For granular materials such
as mortar, however, the specimen sizes are much too small.

2.3.1.4 Taylor impact method

Dynamic compression of polymers has been the subject of an
investigation by HUTCHINGS (1978) who used the G.I.TAYLOR <(1942)
technique of observing the deformation of specimen/projectile against
a rigid plate. The specimen was 38mm in diameter, and reached a

liniting strain rate of 1000/s.

2.3.1.5 Drop hammer

The drop haymer method is capable of producing strain rates up
to 1000/s (CAMPBEiL and DUBY, 1956) for small specimens (12,5mm
diameter), but the rise time of the pulse is rather 1long (25
microseconds). More recently, FIELD et al (1984) bhave wused the
technique, along with an optical system to investigate the response of

thin specimens (imm high) of explosive, and they were able to
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photograph the formation and progress “of hot' spofs in'thévexp1091ve_
prior to detonationm. Rates of strain achieved were of the order of

100/s.

2.3.1.6 Specilalised compression technigues

Materials such as pharmaceutical powders need special
consideration, and AL-HASANI and ES-SAHEB (1984) made use of a special
air gun punch on a 9.53mm diameter specimen, and achieved strain rates
between 1000/s and 100000/s. The result:. of the investigation was thé+
pressed powders exhibit a dominant brittle behaviour at high rates of
strain, whereas they are quite ductile at low rates of strain. Lower
strain rates were examined using a  pneumatic loading device, but
generally speaking, the load durationfié too long (CLARK and VOOD 1956

report 500 microseconds) for rates of strain greater than 10/s.

2.3.2 Dynanic tension

Experimental methods for testing the tensile properties of
materials at high rates of strain are not generally as simple as the
compression methods.

2.3.2.1 Drop hammer

MASON (1934) made tests on wire (16.1m long x 1.6mm dia) using a
drop hammer, at a loading rate of 3N/mw*/microsecond. ZIELINSKI et al
1681 wused the dropweight method to test concrete specimens (74mm
diameter x 75mm> placed in a 10m high Kolsky bar apparatus, and
achieved a loading rate of up to 60 N/mn®/millisecond. The method is
not practically able to produce very high rates of strain in the
specinen.
2.3.2.2 Pendulum

BROVE and VINCENT (1941) used a pendulum machine, where the
hammer at the end of the pendulum struck a block at the free end of a
specimen to produce tension. Strain rates of up to 800/s were

reported for small specimens (3.8mm diameter x 14.5mm gauge length).
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KAVATA (1979) improved the method by the addition of an output
(Hopkinson) bar to specimens of steel and alloy. (See Fig. 2.18)

SHEPLER (1946), AUSTIN and STEIDEL (1959) use the method which
1s well described in ALBERTINI and MONTAGNANI (1974). The principle
is that a piston, connected to the end of a specimen is driven by an
explosive charge, thus producing a tensile shock wave. The method has
yielded strain rates of up to 25000/s but specimens did not exceed
6.3mm diameter.  ARMENAKAS and SCIAMARELLA (1973) tested glass fibre
reinforced plates (152mm x 50mm) to a strain rate of 500/s. (See Fig.
2.19).
2.3.2.4 Inertia bar

SMITH et al (1956) used a type of 1inertia system on steel
specimens which achieved strain rates of up to 19/s. The system
relied on a pendulum hammer striking a shock table, and consequently
strain rates were restricted to low values. HARDING (1960) obtained
strain rates of up to 10008/s on small specimens (3.18mm diameter x
10mm gauge length) or iron aluminium alloy and molybdenum. The
equipment 1is essentially a weighbar, where a compressive pulse lis
transmitted down a hollow bar to a block which is connected to a
specimen. The other end of the specimen is attached to an inertia
bar, and hence the specimen receives a tensile pulse when the weighbar
is impacted. (See Fig. 2.20) MINES (1984) used the technique, bdut
witha double notched bar for the specimen, applied a strain gauge near
the notch.

2.3.2.5 Electromagnetic loading

HARDING (1965) used electromagnetic induction to repel a loading
block attached to a fixed specimen. Although the method gave strain

rates of up to 1000/s, it was an unreliable method, giving poor pulse

control. SHEFFIELD
UNIVERSTY
i UBF‘V\*HY
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2.3.2;6'Hoog'stf§§§

DANIEL et al (1981) tested hoops of composite materials (having
a diameter of 100mm, and a height of 25mm) by applying an internal
pressure explosively through a liquid. Strain rates between 100/s and
500/s were reported. ’

2.3.2.7 Rotating shaft

STURGESS et al (1984) anchored miniature copper specimens to the
ends of two adjacent shafts, and when a torque is applied to the shaff
the specimens are subjected to tensile loading. The specinens
(diameter 2mm and gauge length 5mm) were additionally subjected to a
hydrostatic pressure (up to 200MPa), and achieved strain rates of up
to 102/s. (See Fig. 2.21)

2.3.2.8 Kolsky bar with modifications

LINDHOLX and YEAKLEY (1968), and KISHIDA et al (1984) modified
the specimen geometry in order to induce a tensile failure. The
specimen was machined to a “top hat” type shapé, and this of cﬁurse
limits the types of material that can be tested using this mefhod.
Metal specimens were tested at strain rates up to 1000/s.

NICHOLAS (1981), ROSS et al (1984) and ELLVOOD et al (1982)
modified the Kolsky bar by introducing a collar around the specimen,
to transfer the compressive stress wave from the input to the output
bar without significantly affecting the specimen (Fig. 2.22).  The
compressive stress wave was reflected from the free end of the output
bar as a tension wave, and this loaded the specimen only. The small
machined specimens (3mm diameter x 9mm gauge length) were screwed into
the meeting faces of the Kolsky bars, and achieved stfain rates of up
to 1000/s. :

2.3.3 Dynanmic torsion

Methods of producing the non dispersing torsion pulse were

reviewed by DUFFY (1974).

42



One method'réported by STEVENSON (1984) produced a torsion pulse
by the sudden release of stored torsion, and specimens achieved strain
rates of vp to 10000/s.

2.4 Brrors associated with Kolsky bar tests

The Kolsky bar technique has been investigated by a number of
researchers to examine the accuracy of the results obtained. JAHSMAN
(1971) and NICHOLAS (1973) performed one dimensional wave propagation
analyses with a rate independent specimen. It was apparent that fof
stress/strain curves without a sharp yield point, with strain rates of
less than 10000 strain per second, that the technique was accurate.
GORHAN et al (1984) discussed the major sources of error pertaining to
the direct impact test, and much of the paper i1s applicable to the
Kolsky bar configuration with some additional errors.

2.4.1 Priction at the specimen/bar interfaces

In a static compression test, frictional restraint at the
platens seriously affects the specimen bdehaviour in the vicinity of
the platen, and consequently 1leads to an erroneous stress/strain
history.

In a high strain rate Kolsky bar test, DAVIES and HUNTER (1963)
used the SIEBEL (1923) mathematical model, and an estimate of the
friction coefficient to Justify the neglect of frictional forces in

this analysis, by choosing the specimen ratio to be:

a=1 [ <<25 required 1
h
wﬁere a = specimen radius
' h = specimen height

Davies and Hunter estimated the errors to be 1.3 - 4% using this

method.
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BERTHOLF and KARNES (1975) éaffied' bﬁtba riéorous 2D elastic-plastic
finite difference investigation 6f the frictional restraint on the
specimen, and demonstrated the importance of lubrication to eliminate
friction to allow the radial expansion of the specimen. BERTHOLF and
KARNES concluded that the Kolsky bar was very accurate for measuring
the dynamic properties of materials. The effect of frictional
restraint on the apparent stiffness of the material is shown in fig
2.23. .
GORHAM et al (1984) attempted to quantify the frictional restraint by
analysing the deformation of ring shéped specimens. The concern of
these  workers ras to provide minimum, ©but evenly distributed
frictional restfaint for the specimen. It was also reported that a
certain amount of surface roughness (3mm polished surface) gave the
most even lubrication for the specimen. The ring shaped specimens
were made from aluminium alloy, with dimensions of 6mm outside
diameter, by 1 - 4mm height.

2.4.2 Inertia in the specimen

Analysis of the dynamics of the specimen must include a
realistic assessment of the boundary conditions DAVIES and HUNTER
(1963) adopted a system which included an extra velocity component on
the bottom face of the specimen. Using energy principles it was shown

that by satisfying the geometric criterion:

hs = {3 v a 2.21

where hs = specimen height
a = specimen radius
v = specimen Poisson’s ratio
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the imertial term 1s cancelled. ~ This is very convenient because as
GORHAM et al (1984) point'out; it is not really practical to evaluate
inertial terms which may be significant in other test configurations
such as the direct impact method.

2.4.3 Dispersion of the stress wave

It has already been shown that non-sinusoidal stress waves are
dispersive because each frequency component has a different phase
velocity which leads to a lengthening of a pulse made up of a spectrug
of frequencies. (See Fig. 2.24) The implication of this is that the
rise time for the stress wave at the specimen will be greater than
indicated byjfhe trace at the gauge station site located on the
incident preésure bar. YEV and CHEF (1980) have shown that it is
possible to éorrect the phases of the frequency components of the
pulse by using a Fast Fourier Transform (FFT) and BANCROFT"s (1941)
phase velocity data. HSIEH and KOLSKY (1957) also showed that only
the first mode of propagation was needed in the correction for a
stress pulse produced by an explosive charge on the end of a steel
cylinder, which means that BANRCROFI"s data is sufficient for the
correction.

2.4.4 Attenvation of the stress wave

In contrast to dispersion, which operates principally on the
length of the stress wave (especlally the rise slope) attenuvation
operates on the amplitude of the stress wave. (See Fig. 2.25)
Attenuation of the stress wave 1s essentially a damping effect where
energy 1is lost in internal friction, associated thermal losses, energy
lost 1in reflection of the pulse at boundaries, and an-elastic effects.
MEYERS and MURR (1980) include work by HSU et al, on the attenuation
of shock waves in nickel. Unfortunately the attenuation 1s for a

plastically deforming block of nickel, and the results do not
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therefore apply to an elastic wave. KOLSKY (1956) investigated the
attenvation of shock waves in polymers, and made correctioms.

2.4.5 Instrumentation ' .

For most work with a Kolsky bar, the need for an elastic bar of
high "elastic modulus and yleld stress will mean that a high strength
metal should be used. The pressure bar (ideally a high strength steel
alloy) 1s normally instrumented with ERSGs and this combination leads

to three potential sources of error.

2.4.5.1 Electromagnetically induced signals

The stress wave passing down the pressure bar will set up a
magnetic field around the strained portion of the bar, which results
from the {instantaneous 1local alignment of the magnetic domains
(KRAFFT, 1955). Many researchers, including KRAFFT have observed a
slight fluctuation in the recorded stress wave just prior to the main
pulse. The reason for this is thought to be that the magnetic field
set up by the stress wave will extend BEYOﬁD. and in front of the
strained portion of the bar, and will thus influence the gauge station
prior to the arrival of the stress wave. ¥on inductive strain gauges
are commercially available, but emall 1mm gauges (which bhave less
potential for induction than larger gauge lengths where the area of
foil is larger [non inductive gauges have 2mm gauge lengths] are just
as effective in reducing electromagnetically induced signals. .

2.4.5.2 Magnetostrictive electricity in strain gauges

VIGNESS (1956) demonstrated that ferromagnetic strain gauges,
suitably conditioned by the application of a voltage and strain will
subsequently produce an 1ndep€ndent voltage when strained. Again, the
alignment of magnetic domains,ylays a significant part in this. It is
therefore possible to record:an output from the gauge with no bridge

voltage whatsoever, but the effect can be ameliorated by carefully

wiring pairs of gauges together to cancel the effect.
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2.4.5.3 Errors inherent in amplifiers and osbilloscopeé"used;'A

The frequency response of amplifiers and oscillosbopes must be
taken into account TAYLOR (1965), as the recarded rise time may be
greater than the true rise time (TAYLOR 1965). BRADE (1986)
calculated that stress pulse recorded via the FYLDE 359TA amplifier,
would be subject to a delay of 2 microseconds on the rise time.

TAYLOR (1988) suggested that the criteria to bde satisfied for

the instrumentation of dynamic tests is

to > 175

fa

where to rise time of event

f. = frequency of response of the fecording system

2.5 High strain rate properties of materials

The literature contains some results of high strain rate
testing, and the results of interest are reviewed in this section
(i1.e. polymers, concrete and explosives).

2.5.1 Polymers

KOLSKY (1949), DAVIES and HUNTER (1963) carried out tests on
polythene and perspex disce in a Kolsky bar at 2 pressure levels
(using 12.5mm and 25mm diameter pressure bars). The results are shown
in Figs. 2.26 to 2.29. FIELD et al (1984) gave results for
Polycarbonate and Polypropylene (Fig. 2.30).

2.5.2 Concrete

SUARIS and SHAH (1982) investigated strain rate effects in fibre
reinforced concrete. The tests were carried out on beams, and
therefore a stress/strain relationship for this material was not

obtained (See Figs. 2.31 and 2,32),
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2.5.3 Explosives

FIELD et al (1984) have published data on polymer bonded
explosives using a direct impact technique for strain rates up to
500002 (See Fig. 2.33).

2.6 The use of explosives to produce reliable stress waves

Small explosive charges produce extremely short (approximately 1
microsecond) pulses at high pressure, and the pulse shape was most
repeatable. This section outlines some of the useful data needed to
use explosives effectively.

2.6.1 Basic data

MEYERS and MURR (1980) include a section on explosives and their
properties, and Table A-1 is shown below (Fig. 2.34). The detonation
of an explosive 1s a complex process, and the essential features are
shown 1in Fig. 2.35. It has been established by SANDERSON (1987) that
small charges, unable to reach 1ideal detonation velocity produce a
lower pressure when detonated. Fig. 2.36 gives thelrgiationship from
2g to 8g of PE4 reported by SANDERSON (1987), -

2.6.2 Flyer plate data

A method of using explosive indirectly is to propel a f£flyer
plate. (MEYERS and MURR have a section which outlines the method.)
The relationship between the masses of flyer plate (M) and explosive

(C) determines the velocity of the flyer plate with the use of the

GURNEY equation.

N

= Ex - 0.5Up% z.22

E. = internal energy for the explosive
Ez = energy for grazing incidence
Uo = adiabatic coefficient of detonation
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Fig. 2.37 can be used by taking the appropriate value of Gurney

Energy [2E., and calculating the ratio C/M and the line through these

two points will intersect the plate velocity relevant to the set up.
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TABLE A-1 Properties of Important Explosives

4 - _HEAT OF DETONATION =
EXPLOSIVES COMPOSITION'  EXPLOSION VELOCITY DENSITY — VZ2E up?
E D P a1 1
(cal/gm) (m/sec) (g/cm3) (m/sec) 23
EL-506D PETN/?5, Other 25 870 72,100 1.40 2,700 2.80
Composition B RDX/60, TNT/40 1,240 7,840 1.68 3,220 2.63
Composition C-2 RDX/?9, TNT/S, 1,120% 7,660 1.57 3,050 2.70%
DNT/12, Other/4
Composition C-3 RDX/77, Tetryl/3,  1,100* 7,630 1.60 3,040 2.20%
TNT/4, DNT/10 '
MNT/S5, NC/1
Composition C-4 RDX/91, Non-explo- 1,230* 8,040 1.59 3,200 2.70%
sive plastieizer/9 : , .
RDX 1,280 8,180 1.65 3,270 13,70 -
BMX (beta) 1,360 9,120 1.84 3,370 2.89
PETN 1,390 8,300 1.70 3,410 2.63
Tetryl ' 1,200 7,850 1.71 "3,040 2.77
Cyclotol RDX/75, TRT/25 1,230 8,000 1.70 3,200 - 2,69
Pentolite PETN/50, TNT/50 1,220 7,470 1.66 3,200 2,54
INT 1,080 6,700 1.56 3,000 2.44
Nitroglycerin 1,600 7,700 1.6 3,660 2.33
Nitroguanidine 720 7,650 1.55 2,680 3.27
Pieric Aeid 1,000 . 7,350 1.71 . 2,890 2.73
Ammonium Picrate 800 6,850 1.55 . 2,590 2.83
Nitrocellulose N/14.14 1,060 7,300 1.20. 2,580 2,65
Low Veloctty TNT/68 625 4,400 0.9 2.290 2.17
Dynamite
(Picatinny Arsenal)
Detasheet C PETN/63, 890 7,200 1.45 2,270 2.70

Nitroc./8,plast.

Fig. 2.34 Explosives Data - Meyers and Murr (1980)
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CHAPTER 3

3. KOLSKY BAR EQUIPMENT

The apparatus chosen for this investigation of the high strain
rate response of materials was a large diameter Kolsky bar, with
electrical resistance strain gauge stations on each pressure bar. The
Kolsky bar system offers a simple means of obtaining elastic wave
measurements on each side of the specimen, which may be used to
describe the stress condition of the specimen (Appendix L). Largé
diameter bars have the advantage of being able to test larger, more
representative specimen sizes. The diameter of the bar has a major
effect on the height of the specimen (the 38mm diameter bars used
specimens of between 3.6 and 15mm in height). ERSGs provided a rugged
and reliable means of instrumenting the pressure bars.

3.1 51.2mm diameter EN26 pressure barsg, suspended horizontally

Preliminary tests utilised 51.2mm diameter EN26 pressure bars
(used previously in the department”s laboratory) suspended in a cradle
of steel wires (See Fig. 3.1). The cylindrical bars were supplied as
EN26 steel in hardness condition V, having a compressive yleld stress
of 8958/mn?, an eléstic modulus of 204kN/mm* (Appendix E), and a
density - of 7830kg/m®*. The ends of the bars were machined flat,
perpendicular to the longitudinal axis of the bar, and the ends were
then lapped to make a good flat connection with either the specimen or
protective steel anvil. The 50mm long steel anvils were cut from
51.2mm diameter EN26 bar, and the ends flattened by surface grinding
to make a good connection with the incident bar. The bars and anvils
were heat trea{ed to condition V after machining., The length of the
bars was determined by consideration of the length required to produce
a plane fronted elastic wave, which is normally taken to be at least
20 diameters from the explosive (1000mm). Another consideration was

the location of the strain gauge stations, so that the elastic wave
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passed through the station to the specimen ‘iﬁterface Béfofe"fhe
reflected wave arrived at the gauge station from the specimeﬁ. The
lengths of incident and transmitted pressure bars were 1750mm and
1500mm respectively. The details of the pressure bars, and
instrumentation are given 1n Fig. 3.2. The ERSGs used to monitor the
elastic wave in the pressure bars were Kyowa KFC-3-Cl-11 (phester
based foil strain gauges, with a gauge length of 3mm, a resistance of
120 ohms, a gauge factor of 2.11, with a strain limit of 2.8% at rooQ
temperature). The technique used to bond ERSGs is given in Appendix
B. A strain monitoring station comprised four strain gauges wired as
two pairs on perpendicular diameters as sho?n in Fig. 3.2. Bending
effects were cancelled by two ERSGs on opposife sides of the bar being
wired 1in series. The screening of the mulficored connecting cable,
combined with short connecting wires to the strain gauges reduced the
possibility of external interference to the recorded traces. Each
pair of ERSGs formed a 1live arm of a half Vheatstone bridge (see
Appendix G), and the two dummy arms were made up from four gauges
wired up in exactly the same way as the monitoring station, on a steel
anvil, Calculation of strain from VB output voltage 1is given in
Appendix X. This also provided a measure of temperature compensation
which although not vital for a dynamic test lasting only microseconds,
it was useful to keep the adjustments to the balance of the bridge
reasonably small. The gauges were bonded with great care (using a
standard technique outlined in Appendix B) to the surface of the bar,
using a cyano acrylic adhesive. It 1s well known that cyanoacrylate
is susceptible to deterioration over a period of time due to the
absorption of moisture from the atmosphere, and strain gauge
manufacturers suggested a bond life of 9 months, but no rigorous test

data was available to confirm this guideline. However during the

course of testing, gauges need to be replaced quite frequently because
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"ofv “terminal connection breakages, .which therefﬁre allowed -the
beneficial properties of the adhesive (speed of bonding, and
negligible adhesive thickness) to be exploited, because the adhesive
bond was not required to last more than 9 months. Other adhesives
were considered, but ruled out on account of the high temperatures

required to cure the adhesive or the excessive curing time required.

3.2 38mm diameter DID 5212 maraging steel pressure bars, aligned
vertically -
It 1s known that the pulse length of the elastic pulse to
diameter ratio sﬁfuld be greater than a factor 6 (see section 2.1.5).
PN
Measurements ofB;ulse length in the 50mm diameter bar(§f~230nmggave a
ratio of pulse length/diameter of 4.6. Clearly the diameter of bar
needed to be reduced slightly, and a 38mm diameter was chosen (pulse
length/diameter = 6.05). The 38mm diameter cylindrical bars were
supplied as solution treated DTD 5212 maraging steel with, a yield
stress of 1900N/mm® (British Steel Corporation, Swinden Laboratories,
Rotherham), elastic modulus 186kE/mm* (Appendix D), and density of
8000kg/n®. The wmachining of thé—bars vwas as for the 51.2mm diameter
bars, and the length and strain gauge layout essentially the same, but
with three major differences:

(1) The bars were aligned vertically, and supported in a steel frane
(as shown in Fig. 3.3 and Plate 3.1). The reason for aligning
the bars vertically was to simplify the test procedure. In the
tests where the bars were free to swing in a horizontal cradle
system, the bars needed careful, time consuning alignment before
each test. Vith a support frame, .the bars need only to be
aligned initially, and periodically checked. Not only was time
saved, but a more reliable result Qas obtained, because there

was less likelihood of misalignment of the bars. The initial

compressive prestress on the specimen due to the self weight of
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tﬁe incident bar was 0.118N/mm® which Qas -négligible in

comparison to a typical incident bar pressure of 500§/mn® and

the static yleld stress of the specimens. - The steel support
frame was made from 40mm square hollow section (3mm wall
thickness), and the ©bars were centred and aligned using
adjustment screws (Plate 3.2). The adjustment screws were
isolated from the steel bars, using plastic sleeves on the
pressure bars.

(11> The strain gauges used were Kyowa KFC-1-Cl1-11 (Phester based
foil strain gauges, with a gauge length of 1mm, a resistance of

120 ohms, a gauge factor of 2.11 and a strain 1limit of 28

millistrain at room temperature). The gauges were wired in

exactly the same way as for the 51.2mm pressure bars, and the

details are given in Fig. 3.4.

(111> The lengths of the incident and transmitted bars were 1500mnm and
1050mm respectively.

The strain monitoring stations could be sited only 200mm from
the specimen because the reflected wave did not interfere with the
incident wave recording, and this was desirable, as dispersion and
attenuvation of the elastic wave would be kept to a minimum. The
Lagrange (space/time) diagram for the 38mm pressure bars is shown in
Fig. 3.5. 30mm high protective anvils were producedfrom the 38mm
diameter maraging steel (as for the 51.2mm pressure bars), and two
anvils were used together to protect the end of the bar, thus limiting
most of the plastic deformation to a smaller anvil. The anvils were
used up to three times by mnodifying th? chargeholder to sit over the

deforned anvil. .
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3.3 . ¥ethod of producing the elastic stress pulse

To achieve high strain rate response in the specimen, an impact
system incorporating an explosive was clearly required. Two methods
of applying explosives to the task were investigated.

3.3.1 The flyer plate

Using the horizontal configuration of the bars, an explosively
driven plate of aluminium alloy impacted against the end of the input
bar to produce an elastic pulse. Details of the flyer plate apparatué
are shown in Fig. 3.6, and the important features are:

(1) A wave shaper in the form of a triangle of SX2 to produce a
uniform plane fronted detonation wave across the width of the
plate.

(11) An alloy plate, whose density corresponded to a given ratio with
" the explosive driving the plate (See section 2.6.2). Three
different plates were used:
HS30 : a strong aluminium alloy of density 2986kg/me
§S4 : an anodising quality aluminium alloy of density
2730kg/m
S1C : a commercial quality aluminium of 99% purity of
density 2418kg/m*.
(111) A shallow angle (approximately 15<=) between the plate and the
impacted surface.

Vhen the variables were correctly chosen, the explosively driven
plate contacted the entire target area simultaneously. The elastic
waves produced by this method (which used 25g of SX2) were not found
to be any real improvement upon placing a much smaller (6g) amount of
PE4 directly onto the anvil and detonating it. The flyer plate method
is best suited to direct impact systems, but the desired improvement
of elastic wave signal did not appear (it was discovered at a later

stage (see section 5.1.1) that the extraneous signals in the recorded
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pulse was not due toifhe'mEthod of impacting the bar). After a numbef
of tests with differenf density alloy plates, the investigation was
terminated in favour of a much smaller explosive charge held in a
Perspex holder.

3.3.2 Perspex chargeholder and disc of SX2 sheet explosive

The need for a reliable test which could be confidently
repeated, led to the design of a Perspex holder to precisely locate
the detonator and disc of SX2 sheet explosive on the end of the baé.
The SX2 was cut from a sheet using a hollow cylindrical steel cutter
(35mm diameter), and the average mass of SX2 was 4.5g. The
chargehglder not only ensured accurate location of detonator and
charge.‘ but also confined the explosion to some extent, enhancing the
peak pfessure. The dimensions and details of the Perspex holder are
shown in Fig. 3.7. |

Anvils were acoustically coupled to the incident bars with a
smear of Swarfega, and held in place with several turns of PVC tape.

The Kolsky bars were operated in the blast room at the
Department of Civil and Structural Engineering”s Dynamics Test
Laboratory, at Harpur Hill, Buxton. The blast room was rated as being

safe for the detonation of charges up to 25g. All experiments were

monitored from the control room, adjacent to the blast room.
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CHAPTER 4

4. EXPERIMENTAL TECHNIQUES AND DATA ACQUISITION SYSTEMS

Material properties such as rod velocity (the rate of
propagation of longitudinal elastic waves in cylindrical bars) and
Poisson”s ratio (the ratio of transverse to axial strain) are
fundamental to the design of Kolsky bar test apparatus as discussed in
section 2.4.1. Methods adopted to determine these parameters are
described in section 4.1 and 4.2.

A detailed description of the Kolsky Bar Technique is given in
section 4.3, and the data acquisition and storage system is described
in section 4.4. b

The fracture planes of Perspex specimens recovered after Kolsky
bar tests were examined using a scanning electron microscope and
compared with fracture planes from a static test, and this technique
is described in section 4.6.

4.1 Determination of rod velocity

The rod velocity may be obtained from equation 2.4:

I

The value obtained is sensitive to the accuracy with which the elastic
podulus (E) and density (p) of the material is known. Alternative
methods of obtaining C. are of value where E and p are either
imprecisely known, or unavailable (for example, the elastic constant
for wax or pressed powder),

4.1.1 The rod velocity for the pressure bars

The rod velocity for the pressure bars 1is important for the
location of the strain gauge site just before the specimen on the
incident bar. The incident and reflected pulses need to be separated

" to avoid interference on the incident signal. The correct location
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for 'thévERSG . site was determined from the bar velocity, and alsd the
length of the stress pulse.

Two sizes of pressure bar were used 38mm diameter (DTD 5212)
maraging steel (Appendix C1) and 51.2mm diameter (EN26) high carbon
steel  (Appendix C2). The rod velocity was checked vusing the
strain/time records from the strain gauge station output, and
calculated using eilther one station on a freely suspended pressure bar
(by measuring the time for the pulse to travel from the station to the
free end and return to the station) or two stations (simply the
transit time between two stations, a known distance apart). The
details are shown on Figs. 4.1 and 4.2,

The rod velocities from experiments and theory are compared

below:
THEORETICAL | EXPERIMENTAL
PRESSURE BAR DENSITY E C. Co
Kg/m? kN/mm2 km/sec kn/sec
38mm DTD 5212 7830 213 5.216 5.28
51.2mm EN 26 8000 186 4.822. 4.821

The densities and elastic moduli were given by the supplier for
the 38mm DTD 5212 steel bars, and the elastic modulus for ER26 was
carried out in the laboratory (see Appendix E).

4.1.2 The rod velocity for thin discs of explosive by a photoelastic

method

The method described 1in section 4.1.1515 obviously unsuitable
for explosive materials on account of the difficulties in making rods
of explosive, instrumenting the explosive and applying the shock load
(without detonating the bar of explosive itself), and also the safety

aspect of using a large amount of explosive in a long cylindrical rod.
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For exémple,~a 10mm diameter rod of CPX200 1000mm long, at a nominal .
density of 1800kg/m*, would have a mass of 141g.

An optical technique (see Fig. 4.3) was used to record the
progress of an elastic stress wave into and ocut of a thin disc of the
explosive, using a Barr and Stroud high speed rotating mirror camera.

The {first stage was to find the rod velocity for Perspex. This
was done by placing a 50mm high, 40mm diameéer specimen of perspex
into the 38mm Kolsky bar apparatus, which in turn was made part of a
polariscope (as shown 1in Fig. 4.3), and the progress of the
isochromatic fringes through the Perspex rod was recorded on the Barr
and Stroud ultra high speed framing camera, type CP5, which 1is
described in detail in Appendix V (See Plates 4.1, and 4.2).

The £ilm used was Scotch 1000 ASA, 35mm colour slide film, which
was push processed to 4000 ASA.

The rod velocity for Perspex was determined from the time taken
for the first isochromatic fringe to traverse the specimen, although
the fringes were fuzzy edged and would benefit from image enhancement
techniques.

The next stage was to place a thin disc (10mm high) of explosive
between two 100mm 1long, 40mm diameter perspex rods. Vith this
configuration, a stress wave was observed as it propagated towards the
specimen, and also the transmitted wave which had passed through the
specimen. The details of the experiment are shown in Fig. 4.4. The
rod velocity for the explosive was derived from the time taken for the
stress wave to propagate from a mark on the incident side to a mark on
the transmitted side of the specimen (on the Perspex rod). The
velocity of the elastic wave in Perspex 1is known, therefore the
difference 1in transit time was applied to the specimen, from which the

rod velocity for the explosive was determined.
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4.1.3 The rod velocity for thin Spebimens by'ahélysis of the pressure
bar_traces | |

It was possible to obtain rod velocities for specimens using the
pressure bar traces (incident and transmitted). The accuracy of rod
velocity measurement for the specimen was‘ not acceptable when simple
measurements are made of the time taken for the pulse to travel from a
gauge station on the incident bar to a gauge station on the output
bar. For example, if a specimen of 10mm height is used, then the
maximum difference of +transit time is only of the order of 2
microseconds, which is only two data samples on the optimum timebase
setting for the digital storage oscilloscopes. Therefore another
method of analysing the ;ressure bar traces was used.

By using equations 2.8 and 2.9 (from Chapter 2) on a given
incident stress pulse it was possible to predict the reflected and
transmitted stress wave shape. A program was developed (see Appendix
P3) which allowed the prediction of reflected and transmitted waves
from a given incident wave in a Kolsky bar system, where the rod
velocity 1s known for the pressure bars, and where the rod velocity
for the specimen was assumed.

The analysis of Kolsky bar test data to find the rod velocity of
the specimen involved the use of the transmitted pulse prediction
program. A number of different values of rod velocity for the specimen
were tried, until the transmitted pulse recorded from the experiment
matched the predicted pulse (allowing for attenuation - usually about
15% of peak value over the 500mm between monitoring station @ (STN 0)
and nmonitoring station 1 on the incident bar). |

The rod velocities for specimens using this method differed from

those obtained using the photoelastic method, and these differences

are discussed in section 7.5.
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4.2 - Determination of Poisson”s ratio

Poisson”s ratio is one of the elastic constants, and it is of
particular relevance to the design of Kolsky bar tests. In section
2.4.2, the use of a geometric criterion enabled the inertial term to
be cancelled in the analysis of the stress/strain response of the
specimen. Equation 2.21 gives the height of the specimen as a
function of Poisson”s ratio.

Poisson”s ratio measures the relative resistance of a material
to dilatation (where the shape of the body remains the same but its
volume changes) and shearing. As the value of Poissons ratio
approaches the limit of 0.5 for elastic 1isotropic materials, it
describes an incompressible material which offers no resistance to
change of shape, and is unable to resist shear (e.g. fluid). At the
other end of the scale, a Poisson’s ratio which is very semall
describes a very rigid material which has a relatively strong
resistance to shear (e.g. steel). |

The interparticle forces of the material play an important role
in determining Poisson”s ratio, because as the 1lattice structure of
the material is distorted, these forces must remain in equilibrium.
If the material 1is compressed in one direction, and the atoms are
brought closer together, equilibrium can only be restored by a
complementary distortion of the structure 1in a  perpendicular
direction, and:

Viase = 0.5

For longitudinal stress waves, it 1is important that the bar is

thin compared with the wavelength of the stress wave, or étherwise the

Polsson”s ratio effect sets up lateral stresses, and the wavefront is

no longer plane.
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4.2.1 Staﬁic test on an instrumented Perspex cylinder

A 40mm diameter cylindrical perspex rod of O8mm height was
instrumented with Kyowa KFC-C-Cl-11 gauges. The gauge construction was
a foil element on a phester (phenal degenerated with epoxy) base. The
gauges had a nominal resistance of 120 ohms, a gauge factor of 2.11
and a gauge length of 3mm. The gauges were bonded in two pairs on the
same mnid-height cross-section, using cyano-acrylic adhesive. One pair
of gauges was = aligned axially, and formed the opposite arms of a
Vheatstone bridge circuit. The other pair of ERSGs were aligned
perpendicular to the first pair, and wired as active arms of another
Vheatstone bridge circuit, as shown in Fig. 4.5. The instrumentation
of the specimen allowed simultaneous measurements of axial and
transverse strain and this provided data to determine Poisson”s ratio
for Perspex under static compression loading conditions.

4.2.2 Dynanic test on an instrumented Perspex cylinder

An 1nstrumented specimen similar to that used for the static
test (40mm dia x 50mm k) in the previous section, was tested in the
38mm diameter Kolsky bar apparatus, at a much faster loading rate.
The Perspex was acoustically coupled to the pressure bars with
Swarfega, and the output from the two strain gauge circults was
amplified (x 50), recorded on a Gould O0S4050 digital storage
oscilloscope, ‘and data samples for each circuit were taken at
approximately 1 microsecond intervals. The stress pulse was produced
by an L2A1 detonator and 4.5g of SX2 plastic sheet explosive.

4.2,3 A non-standard method of bonding a 3mm or Smm ERSG to an

explosive

For eome materials such as pressed powders and spongy
materials, fixing the ERSG to the material with cyano-acrylic or epoxy
adhesives was not adequate. For very porous and rough surfaces,

cyano-acrylic adhesive is ineffective, and epoxy adhesives tend to
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reinforce the material +to such. an extent that, in effect, it is thé’
adhesive response which is being measured.

The advantages of using ERSGs were : fast response time,
simplicity of application and operation, and economy. The problems
outlined above involved the bonding of the gauge to the specimen,
therefore a modified‘ bonding technique was developed to allow the
strain gauges to be used effectively.

A two point bonding technique was developed (see Fig. 4.6) and a
prototype bond was tested on steel with a normally bonded strain gauge
for comparison in a static compression test. The response of the 3mm
gauge bonded with the prototype technique was the same as the control
gauge for small strains (up to 2.65 millistrain). A static test was
carried out on perspex to much higher strains (i.e.” up to 13.5
millistrain) and the new gauge was found to respond satisfactorily up
to 13.5 millistrain. The method involved placing a . strip of paper
approximately 3mm wide under the foll to ensure this section was
debonded when the epoxy adhesive was applied to the ends of the gauge.
For materials where even an epoxy bond was difficult to apply to the
surface, a further modification was adopted. Two 3mm diameter holes
were drilled 3mm apart, to a depth of 3mm. The holes were filled with
epoxy and the gauge placed over the two epoxy "pillars” as shown in
Fig. 4.7. This method guaranteed that the ERSG was anchored into the
body of the specimen, without reinforcing the material between the
epoxy pillars. The two ERSGs were connected as single active arms of
separate Vheatstone bridge circuits, and the ERSGs used were KYOVA
KFC-5-C1-11 with a nominal resistance of 120 ohms, gauge factor 2.11

and gauge length Smm.
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4.3 - Kolsky bar tests

This section outlines the techniques involved with the Kolsky
bar tests. The 51.2mm diameter EN26 pressure bar system is dealt with
separately from the 38mm diameter DTD 5212 maraging steel bar, which
incorporated . some important modifications of technique, although the
basic principle was the same. |

4.3,1 The 51.2mm diameter horizontal Kolsky bar

The apparatus has been generally described in section 3.1, and
in this section thé technique is described in detail.

The pressure bars were ballistically suspended using a high
strength wire (see Figs 3.1 and 3.2), and the bar was cradled in a
canvas strap at each wire position. The bars could be adjusted for
position by using screw thread adjusters at the wire anchorages. The
alignment of the bars in Kolsky bar tests is crucial, and the bars
were aligned together without the specimen such that the connection
between the two was a perfect match., The method used to do this was
to 1illuninate a white surface behind the éonnection, and hence observe
any non closure of the mating surfaces, from the 1light appearing
through the crack. This process was found to be very time consuming.
The specimen was placed between the bars, and the connections smeared
with Swarfega for acoustic coupling. PVC tape was wrapped around the
joint to prevent the specimen falling out. To protect the impacted
end of the incident bar, a 51.2mm anvil of the same bar materials
whose mating surface was similarly surface ground to form a perfect
joint with the incident bar, was coupled to the bar with a smear of
Swarfega and held in position with PV¢ tape. Two methods of producing
a stress pulse with explosives were u%ed. Vhen the flyer plate method
(described in section 3.3.1) was uséd, it was necessary to fit a
shrapnel guard in position, as parts of the flyer plate outside the

impact area tended to be thrown forward at high velocity and cut
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through thé support wires after' the charge had been detonated. The
shrapnel guard was simply a 12mm thick M.S. plate, 500mm wide x 300mm
deep, with a 55mm diameter hole to allow the incident pressure bar to
protrude. The flyer plate was made up of a styrofoam support (cut to
the required closure angle) bonded to a steel supporting table in
front of the EN26 anvil, with a sheet of SX2 plastic explosive cut to
size placed on the styrofoam with the alloy flyer plate. The L2Al
detonator was also secured to the top of the styrofoam support (as
seen 1in Fig. 3.6). It was found that this process was time consuming,
as well as using a larger amount of explosive than strictly necessary
to produce the amplitude of stress wave obtained in these tests. |In
comparative tests, 6g of explosive (PE4) detonated directly on the
anvil gave a stress pulse amplitude larger than 25g of SX2 used in the
flyer plate tests. The use of a flyer plate clearly did not lend
itself to routine testing with a Kolsky bar, and therefore another
method of producing the stress pulse was employed. A small disc of
SX2 sheet was cut using a 35mm diameter steel cutter, and placed in a
pre-machined perspex chargeholder <(see Fig. 3.7), which also had a
central hole for placing the detonator. The explosive and disc were
placed on the anvil and held in place with a turn of PVC tape. The
L2A1 detonator was located in the 6mm hole in the chargeholder and the
unit was then ready for testing.

Stringent safety procedures were followed when using explosives
and these are given in Appendix S.

4,3.2 The 38mm diameter vertical Kolsky bar

From the éxperience of using the 51.2mm diameter Kolsky bar, the
equipnent was developed to enable a more efficient test apparatus to
be built, which retained the advantages of larger size specimens,

improved on instrumentation, and which overcame the time consuming
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alignment operation.. The apparatus has been generally'described iﬁ
section 3.2, and is shown in Figs. 3.3 and 3.4. |

The bars were aligned vertically in a steel support frame, and
adjustment was by means of centr ing screws at two locations along the
axis of each pressure bar. Once the joint between the two bars had
been successfully aligned, using the procedure outlined in section
4.3.1, the bars seldom needed correction.

The specimen was placed between the bars, simply by raising the
incident bar, and applying a smear of acoustic couplant (Swar{ega) to
the upper and lower surfaces of the specimen, Two 30mm high steel
anvils were placed at the top of the incident bar, and lightly taped
into position. An SX2 plastic explosive disé was placed on top of the
anvil with a perspex chargeholder (see Fig. 3.7), with an L2A1
detonator placed in the top of the chargeholder. With this technique
it was possible to carry out a test, record the data and be ready for
another test within 15 minutes, and this had clear advantages where a
series of tests could be successfully completed under similar
conditions (of temperature, for example) on one day.

4.4 Method of producing specimens for Kolsky bar tests

A number of different materials were tested in the apparatus,
and different methods of producing the specimen were adopted, but in
each case, uniform thin cylindrical disc specimens with flat parallel
ends was required.

4,4.1 Paraffin wax specimen

The main problem with casting wax specimens was shrinkage as the
molten wax cooled and solidified. It was found that the best way to
produce the specimens was to cast a slab (approximately 300mm x 300mm
X 10mm deep). Approximately 2 hours after pouring the slab, a circular
steel cutter was used to cut out <the discs, The 2 hour time period

was quite important, as the wax was solid, but capable of being cut
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: rélétiveiy easily (which was not the case later on when'the an was
much harder). The bottom of the specimen was cast against a flat
surface (Perspex), but the top surface needed to be made flat and
parallel to the base. This was done using a special jig (Fig. 4.8)
wheré the specimen was put into a holder, and a sharp flat plane blade
was drawn across the top of the specimen. A shim (0.5mm high) was
removed to finish the last cut evenly.

4,4.2 Perspex specimens

The Perspex specimens were cut from 40mn diameter Perspex rod,
and the ends were made flat, parallel, and perpendicular to the axis
of the rod on a lathe, and finished using Perspex polish.

4.4.3 Building brick specimens

Slices of brick were cut using a diamond cutter, and surface
grinder. The specimens were cut from the slice using a 38mm diameter
diamond rock corer. The Armitage class A brick pavior was cut to
heights of 3.6mm, and 10mm. Armitage class B brick was cut to heights
of 5.2mm, and 10nmnm, Fletton brick was cut to heighté of Smm, and
10mm.

4.4.4 Cement paste specimens

A steel mould was made to produce six 38mm diameter x 8mm high
specimens. The mould was 1in two parts - a base, and the main body,
which was a plate with six 40mm diameter holes machined in it (See
Fig. 4.9). Ordinary portland cement was combined with water to
produce water/cement ratios of 0.3, 0.4 and 0.5. Mould releasing
agent was applied sparingly to the mould and the cement paste was
poured in and the top surface carefully? trowelled off. After the
cement paste had cured for approximatel; 24 hours, the top of the

. specimens were made flat by drawing a shafp plane blade across the top

of the mould. The specimens were released from the mould after 48
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hours. . Test cubes (50mm) were cast from the same batch of. cement
paste to check the static crushing strength of the mix.

4.4.5 Sand/cement mortar specimens

The steel mould described above was also used to produce mortar
specimens. The design mix was a 1:3 mortar mix, using ordinary
portland cement, and a water:cement ratio of 0.5.

Two different gradings of aggregate "ere used:

Grading A : material passing the 1.8mm sieve but retained on the

0.3mm sieve (coarse/medium sand)

Grading B : material passing the 2.36mm sieve but retained on

the 0.6mn sieve (coarse sand)

The aggregate grading profiles are shown in Fig. 4.10. Test
cubes were also taken as for the cement paste specimens.

4.4.6 Explosive specimens

Bxplosive specimens were supplied to the required dimensions by
RARDE, Two basic methods were employed to produce the specimens. The
RDX THT and CPX 200 were cast into long rods and then cut into discs.
The CE2 (Tetryl) was pressed into shape, as it is a powder material.

4.5 Data acquisition systems

The previous sections dealing with the test apparatus (3.1, 3.2,
4,3.1 and 4.3.2) dealt specifically with the strain gauge station

sites and Vheatstone bridge circuits used to produce an output

voltage. This section describes the function of the equipment used to

capture the output at high speed, and also the equipment which records
the data for future analysis.

4,5.1.1 Data acquisition for the 51.2mm diameter Kolsky bar tests

The response of the strain gauge stations to an elastic stress
wave was converted to a voltage by the use of a half Vheatstone bridge
(as previously described in section 3. The signal was amplified using

a Fylde 359 TA transducer amplifier, and recorded on a digital storage
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oscilloscope (plate 4.3) which is described in Appendix R. The rise

time error inherent 1in the use of this equipment is given in Appendix

T.

4.5.1.2 Data recording system for the 51.2mm diameter XKolsky bar tests

Preliminary tests utilised the data recording system implemented
by previous research workers at Buxton.

The data captured by the digital storage oscilloscopes was
transferred to the COMMODORE 4032 (PET) microcomputer via the General
Purpose Interface Board (GPIB), also known as IEEE. The data transfer
system, and software for the PET ae fully described by BRADE (1986),
and were only used for preliminary work with the 51.2mm diameter
Kolsky bar. Further description of the data recording system is not
given here, but a block digram (Fig. 4.11) summarises the system.

4.5.2 Data acquisition for the 38mm diameter Kolsky bar tests

A new data recording system was developed (See Fig. 4.12), based
on an IBX compatible personal computer (Olivetti M24), for two
reasons:

(1) Efficiency

It was desirable to speed up the data recording process to
allow more tests to be carried out under similar conditions
on the same day.

(2) Compatibility

The analysis of data on the PET microcomputer was limited by
the speed and memory constraints of the machine. Correction
of dispersion in the recorded stress wave was required, and
the only practical way of doing this was on an IBM PC with a
powerful Fast Fourler Transform routine. Clearly, if data
was to be analysed on an IBM PC, then it should ideally be

recorded using the same format.

68




4.5.2.1 Olivetti M¥24 persohal computef

The machine chosen for data écquistion was the Olivetti .M24,
which 1included a 24 Mb hard disc and CEC GPIB card for data transfer
from the oscilloscopes. The Olivetti was chosen in preference to
other IBX compatible PCs because 1its rugged construction was
considered well suited to the harsh environment (dust and extremes of
temperature) of the Buxton laboratory. The Olivetti was capable of
driving the Hewlett Packard plotter via the IEEE card which was
installed in an expansion slot, or by using the parallel port and
converting to IEEE via the SPRIINTER interface. An EPSON¥ EX-800
printer was chosen to provide a graphics printout from the Olivetti,
because of ité high speed operation.

4.5.2.2 Computer software for data retrieval and analysis

The primary requirement in the choice of software was a Fast
Fourier Transform (FFT) routine which could be used in analysis of the
data. A software package called "Asyst”" was purchased to do the job,
and 1in fact has formed the basis for all the acquisition and analysis
programs. Asyst was the (first scientific software to provide data
acquistion, analysis and graphics capability in an integrated system.
The advantage of using this software was the ease with which
sophisticated analytical techniques could be applied, by simply
customising the high level commands made available within the package.
For example the command FFT carried out a 1024 point transform in
under 3 seconds, and this was installed 1in much larger programmes
where the FFT was only a small part of an analytical tool. Asyst
cannot carry out functions without some programming work. Alternative
programmes were available which would retrieve data for the user (e.g.
Lab Tech Notebook), but the format was rigid and the software’s
ability was limited to certain well defined tasks. Asyst placed very

powerful commands and utilities at the user’s disposal, and the
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commands were built into very powerful programmes which analysed
Kolsky bar data.

4.5.2,2.1 Data acquistion programme

This programme carried out five main functions:

O Retriéve digital output from the storage oscilloscopes,
allowed the vuser to describe the data and then save the
complete data file to disc.

(2) Examine current data in detail.

(3) Filter current data by removing all frequencies above a user
defined limit.

(4) Print out a hard copy of the screen data.

(5) Reload data previously stored on disc.

The programme was menu driven, and a manual was produced to

guide users. See Appendix P1.

4.5.2.2.2 Data examination and selective filter programme

This programme carried ocut five main functions:

(1) Reload data previously stored on disc.

(2) Examine current data in detail.

(3) Filter current data by removing all frequencies above a user
defined limit.

(4) Selectively filter current data to include only a user
defined band of frequencies.

(5) Print out a hard copy of the screen data.

The programme was menu driven and a manual was produced to guide

users. See Appendix P2.

4,5.2.2.3 Stress pulse prediction programme for Kolsky bar tests

This programme carried out four main functions:
(1) Reload data previously stored on disc.

(2) Examine current data in detail.
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(3) Predict theoretical reflected and transmitted stress pulses,
based on the bar/specimen relative: area ; density ; and rod
velocity.

(4) Print out a hard copy of the screen data.

The programme was menu driven and a manual was produced to guide

users. See Appendix P3.

4.5.2.2.4 Hugoniot and stress/strain programme for Kolsky bar tests

This programme carried out five main functions:

(1) Reload data previously stored on disc.

(2) Examine current data in detail.

(3) Correct transmitted pulse for dispersion. (Appendix F)

(4) Calculate stress/strain for the specimen. (Appendix L)

(5) Calculate Huéoniot for the specimen.

(6> Print out a hard copy of screen data,

The programme was menu driven and a manual was produced to guide
users. See Appendix P4.

4.6 Scanning electron microscope study of fracture planes produced

in Perspex specimens at different rates of loading

The aim of this 1investigation was restricted to comparing
fracture planes at different loading rates in Perspex. The
fracture planes produced in specimens of perspex which had been
tested 1in the Kolsky bar apparatus had a different appearance to
the fracture planes induced in a Perspex specimen at lower rates
of 1loading (Plate 4.4). The two types of fracture plane were
examined at high magnificatioﬁ using the electron scanning
microscope (ESM), in order to draw the distinction between
fracture for Perspex at low and high rates of loading. The ESX
was used because depth of field for photographs was much better
than with optical microscopes. Before the specimens could be

examined in the ESM, an evaporated carbon coating was applied
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‘using an Edwarde coating unit.  The -coating prbcess vas the
means of applying extremely thin cbnductive coatiﬁg on the
surface of the specimen to be examined. Photographs of the
fracture planes were taken at magnifications ranging from 20 to
200 on the Camscan S2 electron scanning microscope, and the
power setting was 15kV.

4.7 Acoustic emissions for specimens subjected to impact shock loads

The acoustic emission (AB) technique (described in section
2.2.3) was adapted for the purpose of monitoring acoustic emissions
from specimens undergoing high strain rate testing.

Two types of test were carried out:

1. To find the ;coustic emission from different types of

explosive (using specimens 38mm diameter x 8mm high).

2. To find the relation between acoustic emission and the

radial strain experienced by the specimen.

4,7.1 Acoustic emissions for different explosives

A standard Kolsky bar test was carried out, using 38mm diameter
x 8mm high specimens of RDX THNT and CPX 200 explosives. An acoustic
emission transducer (AET) type R15, with a resonant frequency of
150kHz and a ceramic wearplate (Fig. 4.13) manufactured by Physical
Acoustics Corporation of the USA, was used. The experiment is shown
in Fig. 4.14.

4.7.2 Acoustic emissions compared to the radial strain response of

different explosive specimens

The experiment described in section 4.7.1 was modified to
include radial strain measurement in the specimen simultaneously with
AE nmeasurement. Two 38mm diameter x 8mm high specimens of explosive
(types: RDX THNT and CPX 200) were bonded together with cyano acrylic
adhesive, with a 3mm ERSG (gauge factor = 2.11, nominal resistance =

120 ohms, type KYOVA) sandwiched between the two specimens. The ERSG
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was connected to 'a quarter Vheatstone bridge circuit, and the signals
recarded on the Gould 0S402¢ oscilloscope. The experiment is shown in
Fig. 4.15.

Only six tests were Carried out using the AET, because the
ceramic wearplate on the AET was damaged by the incident pressure bar

on the sixth test.
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Plate 4.4 Damage to Perspex specimens of various
heights recovered from 38mm dia. Kolsky bar tests



CHAPTER 5 .

5. EXPERIMENTAL OBSERVATIONS

The Kolsky bar test yielded pressure bar data which was to be
used in a Lindholm and Yeakley type analysis as discussed in section
6.2. The accuracy of the analysis depended on how well the strains at
the two interfaces of the specimen with the pressure bars were
determined. The strain monitoring stations used, as described in
section 3.2, were known to experience interference signals in addition
to the stress pulse, and are the subject of section 5.1.1. The change
to the stress pulse as it propagated along the bar, is described in
section 5.1.2. A major difference between high strain rate tests such
as the Kolsky bar Eechnique and compression tests at lower (static)
rates of strain, 1is that particle movement is restricted to the axial
direction for the duration of the pulse propagation in the locality of
the shock pulse (i.e. Poisson strain is delayed)., This is the reason
why specimens for high strain rate testing may be much thinner than
those required for "static” type tests, where due regard must be paid
to the restraint of the specimen at the interface with the steel
plattens. This is the subject of section 5.3.

5.1 Interference and distortion of the pulse

The stress pulse used in the 38mm, and 51.2mm diameter Kolsky
bar tests was produced by an explosive charge and detonator. The
amplitude of the stress pulse initially (from Sanderson”s work, Fig.
2.36) 1s known to be greater than that recorded at stations 800mn and
1300mm down the bar, (see Fig. 5.1). The duration of the stress pulse
at point of detonation may be calculated from the detonation period
from the L2A1 detonator to the circumference of the 35mm dia disc of
SX2  (detonation velocity = 8.2mn/microsecond). Allowing a 1
nmicrosecond rise time, the duration 1s 3.2 microseconds. It was

observed that at a point 860mm from the explosive, the duration of the
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pulsév was longer by a factor of approximately 137 In addition to this
distortion of the pulse (see Section 5.1.2) there was interference
superimposed on the recorded signal which makes interpretation of the
trace difficult, and obscures the reflected signal recorded at station
1 of the input bar in particular (see Fig. 5.2).
5.1.1 Interference
Interference signals observed in Kolsky bar tests form three
basic categories:
1) Magnetostrictive and magnetically induced electricity
11) Shear waves
111) Electrostatic electricity
As part of the development of the 38mm Kolsky bar, the effects
of interference were investigated with a view to:
1. Avoiding the situations leading to significantly high
levels of interference.
2. Attempt to aseess the value of interference 1in the
recorded strains, and remove whére possible.

5.1.1.1 Magnetostrictive electricity (ME) and magnetically induced

Vigness (1956) carried out experiments on ERSG"s and found that
voltages could be induced simply by straining the ferromagnetic wire.
He found that the strain gauge could be made sensitive by the
application of a voltage and strain. Straining a ferromagnetic
material has the effect of aligning the magnetic domains (see Fig.
5.3), and a change of magnetic flux will lead to an emf being induced
in the wire. Hence Magnetostrictiveielectricity is closely related to
gelf induction. The effect of ME w%s greatly enhanced by a high rate
of straining, because the changé of flux was very rapid.
Additionally, the current which flowed as a result of ME and the

operation of the powered Vheatstone bridge (WB) will also change
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rapidly, causing an additional rapid change of flux and hence
induc .ing a further emf.

The pressure bar also played a role, in that the stress pulse
had an associated magnetic wave due to the straining of the steel
aligning the magnetic domains and causing a rapid increase 1in the
magnetic flux around the location of the stress pulse (see Fig. 5.4).

Since all these effects are 1interrelated and influence one
another, they were examined as one effect.

Three basic approaches were taken:

1. To examine the overall effect on the signal recorded, by

using an unpowered VB

2. To examine the effect by monitoring ESRG’s without}a VB,

and the effect of changing the wiring of the gauge.

3. To exanmine the sensitivity of the effect to alignment of

the ERSG”s.

5.1.1.1.1 Output from an unpowered Vheatstone bridge

The first series of tests were designed to monitor the overall
contribution of this type of interference, by using an unpowered VB.
The details of tests MEl and ME2 are shown in Fig. 5.5. Two sets of
strain gauges were located at the site of STN1, one set of gauges had
6 months service, the other was newly bonded. The response of these
gauges was measured sinultaneously, directly on the oscilloscope and
the results are shown in Fig., 5.6 and 5.7. The older gauges show a
slightly higher response. It should be noted that the interference
recorded 1is not exactly that which would be present during a test,
because the impedence of the circuit is different on account of the
power supply. The result does, however, give a comparison between old
and new ERSG response. For example, the peak output from the powered
VB (with 4V supply) was 13 millivolts (incident pulse), compared to

the unpowered VB response : 5.5 millivolts amplitude for the old ERSGs
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; and 2.5 millivolts using newly bonded ERSG"s. The peak output for
the reflected stress pulse was approximately 16 millivolts, and this
can be compared to the interference output of 8 millivolts for 6 month
old ERSG’s and 4 millivolts for newly bonded ERSG~s.

Further tests monitored the effect of changing the gauge station
wiring for one active arm of the unpowered WB. The details of tests
CP1 and CP2 are shown 1in Fig. 5.8. The test was carried out on 6
month old gauges at station 1 and also on newly bonded gauges at
station 430 simultaneously. The results are shown in Figs. 5.9 and
5.10. The newly bonded ESRGs show less sensitivity to reversal of
polarity of the wiring of one active arm of the VB on the start of the
incident pulse than the 6 month old ERSG”s (Fig. 5.9), The 6 month
old ERSG’s at station 1 show considerable interference on the duration
of the reflected stress pulse (approximately 42%), but the amplitudes
had only 5% difference. There was 22% difference in amplitude on the

reflected pulse at the new ERSG site.

5.1.1.1.2 Output direct from the ERSG