




































































































































































































































































































































































































































































































































































































































































































































































CHAPTER 6

EXPERIMENTAL RESULTS FROM THE

SHAPED CHARGE TEST PROGRAMME

6.1 INTRODUCTION

Table 6.1 gives a summary of the number of tests performed
on the various specimens described in chapter 4. A total of 148 shaped
charges were used of which 127 were 34mm diameter 43g copper lined,

15 were 34mm diameter 43g aluminium lined and 6 were 56mm diameter
298g copper lined.

The main programme consisted of the majority of the 127 43g
copper lined shaped charge tests. These tests were to obtain data on
the response of concrete to impact loading by a high speed metal jet.
Some 43g copper lined charges were used with metal and non-metal blocks
to determine by experiment,data required for calculations.

The fifteen 43g aluminium lined charges and the six 298g
copper lined charges were for comparison purposes with the 127 charges
in the main test programme. Only a representative set of experiments
was possible with the limited number of these two types of charge
available. Chapter 4 contains details including the instrumentation of
every test specimen used in the study in tables 4.1 to 4.3.

Where possible instrumentation was duplicated, repeated in
different tests or independently checked by other means, for example,
by high speed photography, to ensure that the results were as reliable
as possible.

6.2 SHAPED CHARGE JET VELOCITY MEASUREMENTS

The velocities in air of the jet produced by all three types
of shaped charge described in section 6.1 were obtained by using jet

detector gauges, described in section 4.1.4. These were located at
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various points in the fliéht paths of the shaped charge jets as shown
in figure 4.25. From the data obtained by these gauges listed in
table 6.2,figure 6.1 was drawn for the three types of shaped charges,
43g copper lined, 43g aluminium lined and 298g copper lined. The
slope at any point of the curve for a particular jet is the velocity
of the jet at the distance represented by the point on the x axis. Jet
velocity was independently checked in the case of 43g copper lined
charges using high speed photography to time the jet tip as it passed
points a known distance apart. Plates 5.4 and 5.5 show respect-
ively single frames from high speed films of the shaped charge jet
surrounded by incandescent gases in air and perforating a jet detector.
The gas surrounding the jet cannot in theory travel faster than the

tip of the jet so, although gas is masking the jet the gas at the tip
is being dragged by the jet and the jet tip is at the -edge of this
gas cloud. Work by the Ministry of Defence and Hunting Engineering
(1982) using flash radiography has confirmed this to be true.

Data on jet velocities were required in penetration calculations
based on formulae presented in section 2.2. All three types of shaped
charge were found from figure 6.1 to have a final jet tip approach
velocity of appproximately 5000 m/s. In the scaling rules given in
table 2.4 velocity was not scaled and so the identical velocities
of the 34mm and 56mm diameter charges, 1/5 and 1/2.5 scale respect-
ively,were consistent with the ru}es.

Flash radiograph work by Richards (1983) on similar charges to
those used in this study has confirmed the jet tip velocity at 102mm
standoff to be approximately 5000 m/s. No indication of the error

in the measurements by radiography was given.
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6.3 SHAPED CHARGE JET PENETRATION RATE MEASUREMENTS

Shaped charge ::t penetrationrates were measured using jet
detector gauges described in section 4.1.4. These were buried in
concrete test specimens, separated by plates of material as in the case
of two copper plate stacks, shown in figures 4.18 and 4.19 or set
between concrete plate stacks as shown in figures 4.21 and 4.22. The
shaped charge jet penetration rate in test M17 was checked by high
speed photography as the jet penetrated the copper plate stack described
in section 4.2.3. Plate 6.1 shows a frame from the high speed film in
which the incandescent gas surrounding the jet can be seen in the gap
between the copper plates.

Figure 6.2 shows the 43g copper lined shaped charge jet penet-
ration v time relationships for concrete and copper test specimens and
the 43g aluminium lined shaped charge jet relationship in concrete.
The copper jet into concrete relationship shows that copper jet
penetration 1is similar to aluminium jet penetration in concrete up to
about 63mm depth. After this the penetration rate for aluminium jets
is less than for copper jets. The penetration relationship for copper
jets into copper shows that the penetration rate is less than the
penetration rate into concrete and it does not stay steady. Table 6.3
gives test data and derived penetration velocities from which figure
6.3 was obtained. This figure gives the relationships between
velocity and distance penetrated for various combinations of concretes

and shaped charge jets.

6.4 STRESS PULSES IN CONCRETE DUE TO SHAPED CHARGE JET IMPACTS

Strain gauges were installed in three orthogonal directions in
concrete specimens as shown in figure 4.16 and decribed in sections

4.1.5 and 4.2.1. These gauges detected and measured strains associated
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with stress waves from shaped charge jet impacts. Figure 6.4 shows
the three stress pulses associated with the strains measured in the
test programme and the following sections contain details of each
strain measured.

6.4.1 Radial Compression Pulse

Data obtained on the radial compression stress pulse are given
in table 6.4. The strains obtained were converted into stresses by
using the static stress-strain relationship for concrete blocks given
in figure 4.9. The data in table 6.4 is not completely in agreement
because not only was it difficult to obtain data in practice but also
interpretation of results was not always easy. Figure 5. 4, which was
drawn from a photograph of an oscilloscope trace, highlights the
difficulty of picking out the strain gauge signal from the electrical
interference caused by the explosion. For this reason it is important
to consider trends in the results rather than absolute values, and to
place more emphasis on corroborated results rather than the significance
of spurious values.

From the data given in table 6.4 the stress pulse velocity
in sand/gravel aggregate concretes was found to be similar, that is
between 2.38 and 2.5mm/us. This was true whether the pulse was
generated by a 43g or by a 298g shaped charge jet. In basalt and
limestone aggregate concretes the stresspulse speed was also similar,
0.83 to 0.95 mm/us, but only one rgsult is available for concrete
made from each aggregate. However the value of 0.36 mm/us for a slab
subjected to a 298g shaped charge jet impact does not corroborate the
2.38 mm/us speed obtained for a similar charge jet impacting a block.,
Table 3.13 contains values of the elastic wave speed measured in

various concretes by ultranonic means. The value of pulse speed
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measured in this way varies from the value derived from strain gauge
measurements by about one third. The reason for this is not clear
but the use of the ultrasonic method depends on an accurate value for
the dynamic modulus of elasticity of concrete. This is difficult to
achieve so any error in this value could cause the discrepency in

the values. The influence of the value of the modulus of elasticity

(Eﬂ can be seen from table 3.13 and the amounts of cracking in concrete

specimens impacted by shaped charge jets given in tables 5.2 to 5.6.
In general except for barytes, the greater the value of the modulus
of elasticity thelesser the amount of cracking produced by the jet
impact in concretes. This also holds for the series of experiments
performed on sand/cement mortar.

The amplitude of the compression stress wave has been calculated
at various points. The actual values do tend to contradict each other
but again there is a trend. The value of stress decreases with
increasing distance from the impact point of the jet roughly by 50%
for a doubling of the distance. This trend applies with reflected
pulses which are tensile when the incident pulse is compressive and
can be seen from the results obtained on block B63 in particular.

The results from tests using 43g and 298g charges show that the
amplitude of the stress pulses are not the same at similar points even
though the wave speed is identical.

6.4.2 Circumferential Tensile Pulse

Associated with a longitudinal compression pulse is an
orthogonal tensile pulse which propagates at a speed which is half
the speed of the compression pulse. This tensile pulse shown in figure
6.4 was monitored and the strainresults obtained in experiments appear

in table 6.5. Strains have been converted to stresses by using the
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static stress-strain relafionship given in figure 4.9, Similar
problems to those described in section 6.4.1 existed in interpreting
strain gauge traces on the oscilloscope. In examining the data it is
again important to consider trends rather than absolute values.

The circumferential pulse velocity data in table 6.5 varied more
than for the radial pulse velocity described in section 6.4.1. However
there were three values of 1.36 mm/us measured for sand/gravel concrete
which approximate to half the value of the compressive wave speed in
sand/gravel aggregate concrete. In basalt aggregate concrete there is
a similar ratio even though pulse velocity values for both radial and
circumferential waves were much lower. No corroborative pulse velocity
values were obtained experimentally for 43g and 298g shaped charge jets.

Derived stresses appear to show a reduction in amplitude with
increasing distance from the jet impact point as expected. The values
are significantly higher than for the corresponding longitudinal
compressive stress pulse at the same point. However, at the time
the circumferential tension was detected at a distance from the impact
'x!', the longitudinal compression pulse would have moved on a similar
distance that is to a distance '2x'. Therefore the values of stress
given in tables 6.4 and 6.5 obtainedat the same point cannot be compared
as they occurred at different times.

6.4.3 Vertical Compression Pulse

Table 6.6 contains data frpm vertical compression pulses shown
in figure 6.4. This pulse is a longitudinal compression pulse similar
to the pulse described in section 6.4.1 but in this case it is
propagated along the axis of the shaped charge jet impact and not
orthogonal to the axis. In reality the pulses are the same and

propagate as the surface of a hemisphere but in the test specimens the
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pulse was treated as being in two orthogonal directions for measure-
ment purposes.

The pulse velocities in sand/gravel aggregate was similar to
the value of 2.38 to 2.5mm/ys obtained for radial compression pulses.
The value of pulse velocity in basalt concrete was similar to the
concrete made from sand/gravel aggregate but contradicted the value
obtained for radial compression in basalt, given in table 6.4. No
agreement was found between pulse velocities obtained from tests using 43g
and 298g shaped charges.

The derived stresses obtained atvarious points directly under
the jet impact point were found to be so variable that no trend was
obvious and there was no agreement with values quoted in table 6.4.
However measurements along the impact axis, while being on the
hemisphere of radiating pulses, are a special case. This is because
the impacting jet initially penetrates faster than the longitudinal
stress pulse generated by it. Thus the pulse is modified along this
axis in particular throughout the period the penetration rate exceeds
the pulse velocity. Only after the penetration rate drops below the
pulse speed does the pulse precede the penetrating jet. This may
account for different results for points on the jet axis to points
at similar distances but on other axes radiating from the jet impact
point. Analytical models usually assume a uniform penetration velocity.

6.5 CRACK AND SPALL MEASUREMENT

6.5.1 Cracking

This section is concerned with the dynamic characteristics of
single cracks, namely the initiation time, the speed and the direction
of propagation. Data was collected from concrete specimens made from
all aggregates and subjected to three types of shaped charge jet

impact. Table 6.7 contains all data obtained from these experiments.
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The data collected was varied and is difficult to compare
directly, for example, as demonstrated in figure 6.5. This is a
plot of all data in table 6.2. It was necessary to look for trends
in the same way as the stresspulse data was analysed in section 6.4.

At a distance of 190mm from the shaped charge impact point a
crack was found to develop between 120 and 230us after initial Jjet
impact, irrespective of the type of charge used. This occurred in
concretes made from natural rocks, that is sand/gravel, basalt, barytes
or limestone aggregate but 'Lytag' appeared to crack earier at 60us.

’

However only a single result was obtained for'Lytag.' At 500mm from the
shaped charge impact point the initiation of a crack could take from
170 to 320us but the amount of dats recovered is limited.

Table 6.7 gives values of circumferential tensile pulse data
measured when a crack appeared at the distances and time from impact
recorded in each test. For sand/gravel aggregate concrete the values
were similar to the values obtained from strain gauge signals given in
table 6.5. The data collected was limited but it would indicate that
cracking is connected with the circumferential tensile stress wave,
that is the shear wave,and the hoop stresses related to the compressive
wave,

It was found that these cracks propagated from the edges of the
specimen at the nearest point on an edge to the impact point of the
jet on the specimen. Furthermore, cracks extended vertically through
the specimen and travelled as a plane. This was detected by
simultaneously monitoring a crack detected on the edge of the upper
surface and on the side of the specimen. In full scale tests by Watson

et al (1983) it was found that the crack did not extend through the

full depth of the slab. Cracks travelled in towards the impact point
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at speeds listed in table 6.8 for concretes made from different
aggregates.

The analysis of the data is limited by the paucity of results
and is restricted to comparisons. The velocity of cracks in sand/gravel
aggregate concrete, 2.1 to 3.17 mm/us, appeared to be similar for impacts
by 43g coper and 43g aluminium lined charges but approximately between
one and a half and twice as fast, 4.76 mm/ps, when a 298g charge was used.
The crack is thought to be driven by a reflected tensile wave in a
stressed tensile zone which may account for the difference in speeds
since, in section 6.4.1 it was seen that the stresses generated were
higher with 298g shaped charge jet impacts. The stressed state of
the specimen could account for crack speeds higher than are predicted
by theories-in which only cracks propagating in unstressed specimens are
usually considered.

The limited number of tests on barytes and 'Lytag' aggregate
concrete specimens yielded a range of crack speeds from 2 mm/us to
6.3 mm/us. Test specimens made from these aggregates were cracked
much more than specimens made from concretes containingother aggregates.
This may be conected with total energy considerations but scarcity of
theoretical and experimental data means that this explanation can only
remain a possibility at present.

6.5.2 Spalling

The definition of spalling was not taken to be its usual meaning,
that is the movement of material from a face on the specimen remote
from the impact, caused by the reflection of a compression wave. Spalling
in this study is shown diagrammatically in figure 6.6 and was defined
as being the movement of material on the same face or an adjacent

face due to the penetration of a shaped charge jet.
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Table 6.9 gives sballing data collected from tests on a variety
of concretes and in which 43g copper or aluminium lined charges were used
to produce the shaped charge jet. The table contains data on both
surface and side spalling. The difference between surface and on side
spalling are shown in figure 6.6. It is convenient to compare the
results for surface spalling by dividing the distance from the spall
gauge to the impact point by the time taken to spall to obtain a
'spalling velocity'. The 'spalling velocity' value for 43g copper
lined shaped charge jet impact on sand/gravel concrete was found to
compare directly with 43g aluminium lined shaped charge jet impact
'spalling velocities' on sand/gravel, basalt and 'Lytag' concretes.

The results are in close agreement, lying between 1.0 and 1.33 mm/us.
This range is close to the velocity of the shear wave which was
described in section 6.4.2.

The results of two tests, namely B43 and B44 in table 6.9,
appear to contradict the agreement between results,but in practice
the spalling distances of 15 to 20mm were too short for accurate
measurement on the oscilloscope because of interference generated by the
charge firing circuit. These results have not been discarded but the
trend of the results and the corroborative nature of other results
casts some suspicion on them.

A similar interference problem with short distances to gauges
occurred in the side spall results listed in table 6.9. The short
distance to the first detector on block B53 meant that the signal
detected was still in the period when interference from the charge

firing circuit was still affecting the stability of the oscilloscope

trace. Repeated experiments checked by high speed photography on

specimens BS6 and B57 showed a 6us discrepency which was clearly more
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significant on short duration timing rather than longer timing intervals.
Even so at intervals of 50us this still amounts to a 12% error but

in dynamic testing this may be regarded by some researchers as
acceptable.

The high speed photography also showed that concrete appeared
to bulge and that there was a time lag between passage of the Jet,
calculated from penetration data taken from figure 6.2, and spalling.
The photographs,of which plate 6.2 is an example, show the bulging and
spalling, but it is unclear whether the concrete first flowed
plastically under the pressure generated or cracked microscopically
and moved as discrete particles. To suggestthat a brittle material
could be induced under pressure to flow plastically may seem incon-
ceivable when comparisons are made with behaviour under normal loading
rates. However the loading rate in this study was of the order of 15 to
20us duration with a pressure calculated in Chapter 8 of between 2.64
x 103 N/mm2 and 1.315 x lO4 N/mm2.

6.6 OVERALL CRACKING OF CONCRETE TEST SPECIMENS

In general terms there were four factors which were recognised
as affecting the amount of cracks formed in a concrete test specimen
under shaped charge jet impact loading. These factors were: the size
of the specimen, the influence of different aggregates, the influence
of the cement content of the mix and the influence of shaped charge
jet parameters. These factors were not all totally independent. The
following sections describe the effect of each variable and any degrees
of inter-relationship with each other. Crack data for each test are
given in tables 5.2 to 5.6.

6.6.1 Influence of the Size of Test Specimens

Cousins (1968) reported that brittle materials such as concrete,

'‘perspex' and cast iron shattered under impact loading from a shaped
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charge jet. This was true in this study for small test specimens such
as 100mm concrete cubes subjected to 43g shaped charge jet impacts.
380mm concrete cubes did not usually shatter under impact from 43g
shaped charge jets and 760mm concrete cubes did not shatter when 298g
shaped charges were used. This demonstrates that there is a point or
more importantly a charge:target ratio at which brittle materials cease
to shatter. That is, when the energy is too low to drive cracks. In
addition, doubling both the test specimen size ;nd the charge size,
according to scaling rules given in section 2.8.2, produced similar
crack patterns. This can be seen in figures 6.7 and 6.8. These
figures show respectively, crack patterns due to a 43g shaped charge
Jjet impact on a 380mm concrete block and a 298g charge impact on a
760mm concrete block.

Concrete slabs were found to follow the same rules concerning
scaling and overall specimen size as blocks. In slabs there was
another parameter which affected cracking. This was the jet impact
point in relation to the edges of the slab. In block tests described
above, the impact was always in the centre. In slabs the position of
the impact point varied. Figure 6.9 shows the crack pattern usually
found in 1/5 scale sand/gravel aggregate slabs subjected to a 43g copper
or aluminium lined shaped charge jet impact. Reinforcement in the slab
did not affect this pattern though main cracks were parallel to the
direction of the main reinforcement wires. Insufficient data was cobtained
to prove any conection other than coincidence. Figure 6.10 shows the
crack pattern of Slab S12 which was a 500mm square sand/gravel concrete
slab subjected to a 43g copper lined shaped charge jet impact. This slab
was only one quarter the size of the slabs shown in figure 6.9 and was

shattered, thus demonstating the influence of overall specimen size on
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the cracking damage caused. Figure 6.11 shows an off-centre impact on

a 1/5 scale sand/gravel aggregate concrete slab. The overall dimensions
of the slab were similar to those of the slabs in figure 6.9 but the

Jet impact point was in the same positionrelative to the edges of the
slab as for the smaller slab, S12, shown in figure 6.10. Although there
Was more cracking around the impact point the slab shown in figure 6.11
did not shatter, hence the overall size of the slab was important even
though only one quarter was directly involved with the impact. This is
further evidence of the need to consider the total energy effect of the
impact and the diminishing of inputted energy by material in the specimen
not seemingly directly influenced by the impact.

The foregoing conclusions were based on a single size of charge
and specimens formed from the same concrete mix. However, the influence
of the modulus of elasticity, discussed in section 6.4.1 should also be
included since two similar sized specimens of different concretes will
crack differently. Hence the level of strain at a boundary which
affects cracking is dependent both on the distance to the boundary and
the modulus of elasticity of the material forming the specimens.

6.6.2 Influence of Different Aggregates

Not all 380mm concrete cubes could resist a 43g shaped charge
jet impact without shattering. Concrete blocks made from 'Lytag'
aggregate and, to a lesser extend barytes aggregate cracked so exten-
sively as shown in figures 6.12 and 6.13 respectively that they could be
described as shattered. In this study shattered is taken to be
fragmented, splintered and broken into a great many pieces. In general
limestone and basalt concrete blocks cracked as shown in figure 6.7.

Concrete ground slabs cracked in similar configurations to

concrete blocks. Eleven one fifth scale concrete slabs made from different

aggregates were subjected to three 43g shaped charge jet impacts and
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the resultant crack patterns are shown in figures 6.14 to 6.16.

Figure 6.14 shows the general formation of cracks in a typical sand/
gravel, limestone or basalt aggregate concrete slab. There were no
obvious differences in cracking amongst concrete slabs made from these
aggregates. Figures 6.15 and 6.16 show respectively the more extensive
crack patterns in 'Lytag' and barytes concrete slabs. Comparison between
the 380mm blocks and 1/5 scale slabs clearly show similar trends in
cracking amongst the various aggregate concretes.

6.6.3 Influence of the Cement Content of the Mix

'Lytag' and barytes concrete mixes were richer in cement than
the natural rock aggregate mixes. It was suspected that the increased
cement content and not just the aggregates themselves could be responsible
for the increase in cracking in the test specimens. 'Lytag' concrete
required more cement because the relative densities of the aggregate
and cement altered the batching weight. 'Lytag'particles also have a
different surface area. Barytes concrete required more cement for
relative density effects on batching weights and also to counteract
the sulphate in the aggregate. Sulphates have the effect of reducing
the crushing strength of concrete.

To try to quantify the influence of cement content on normal
aggregates, a series of 380mm sand/cement mortar blocks were constructed
and subjected to 43g charge copper lined shaped charge jet impacts. The
mix proportions for the blocks were varied as given in table 6.10.

After each test the lengths of the.cracks on each face were measured

and recorded. The total length of the cracks was then divided by the

side length of the specimen, that is 380mm, to give a dimensionless
number. This number could then be compared with any other number derived
for any specimen used, that is other 380mm blocks and 760mm blocks.

The length of cracking found in 760mm blocks was divided by the block
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size, 760mm. Figure 6.17 shows the normalised crack length, that is the
total crack length divided by the size of the test specimen,versus the
aggregate/cement relationship for sand/cement mortar. The relationship
shows that for normal 6:1 aggregate/cement the cracking is minimised
whereas for increased or decreased cement content the amount of cracking
increases. For richer mixes this might be because the relatively larger
volume of cement mortar which has a different longitudinal have velocity
relative to the aggregate, could cause differential cracking. For
leaner mixes the extra cracking could be caused by the diminished
tensile strength of the material.

The influence of the cement content of the mix and the influence
of the type of aggregate used are difficult to separate and quantify
since they are interdependent in the mix design process.

6.6.4 Influence of the Shaped Charge Parameters

43g copper lined and aluminium lined charges produced different
crack patterns in sand/gravel aggregate 1/5 scale concrete slabs.
Figure 6.9 shows the effect of the different jet impacts on identical
concrete slabs. That is,on slabs cast from the same materialsand at
the same time. The increased cracking was thought,within practical
constraints, to be caused entirely by the different impacting material.
Aluminium lined shaped charge tests on 380mm concrete blocks
comprising the whole range of aggregates showed no noticeable increase
in cracking due to the different impacting material.

6.7 SHAPED CHARGE HOLE DIAMETER AND PENETRATION DEPTH

The hole formed inconcrete by a shaped charge jet impact was
similar for all three types of charge used in the test programme, that
is, 43g charge copper lined charges, 43g aluminium lined charges and

298g copper lined charges. Although dimensions of the hole varied
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depending upon the charge used, the Dbasic shape of all the holes
conformed to the composite picture shown in figure 6.18. Plate 6.3
shows the shape of a 298g shaped charge jet hole in a 760mm sand
aggregate concrete block and this shape is common to all shaped charge
holes in concrete made from all aggregate types. Physical dimensions
of all the holes produced during the test programme are given in tables
5.7 t05.12 and the locations of measurements are shown in figure 5.10.

6.7.1 Influence of the Type of Apgregate

Figure 6.19 shows the hole diameter frequency for all 43g
charge copper jet impacts on all pavement quality concretes. 47 of
the 69 results quoted for hole diameter were found to be between 12
and 15mm. The mean result was 14mm. Figure 6.20 shows the hole
diameter frequency for four aggregates. Basalt was not included as
insufficient results were obtained. The frequency graphs show that
all aggregates had the most results in the 12 to 15mm diameter band
and therefore there was no significant difference in hole diameter
amongst the different aggregate concretes for 43g charge copper jet
impacts.

43g charge aluminium jet impacts produced larger hcole diameters
in concrete as shown in figure 6.21. No definite range of preferred
hole diameters is apparent from figure 6.21 since the number of
results is only eleven. Nevertheless, the mean hole diameter is
about 22mm which is 50% greater than for copper jet holes and this is
significant.

43g charge copper jets produced larger hole diameters in lean
mix base course than in pavement quality concrete slabs. Figure 6.22
shows the range of hole diametersto be from 13mm to 2lmm with a

mean of 17mm. Too few results exist to show any specific aggregate
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effects but if the lean mix results reflect the pavement quality
concrete results then aggregate type should not cause any difference
in hole diameters obtained in lean mix concrete. No results were
obtained for holes in lean mix produced by 43g aluminium lined shaped
charge jets.

Shaped charge jet penetration depth was not found to be as
consistent as hole diameter. This inconsistency is seen in figures
6.23 to 6.25 which show respectively 43g shaped charge jet penetration
depth in all slabs, penetration depth in slabs on sand soil and
penetration depth in slabs on clay soil. Figure 6.23 shows that though
the range of penetration depths is large, a signifiant proportion of
results lie in the 230 to 280mm band. Figures 6.24 and 6.25 show that
while penetration in clay soils agrees with the 230 to 280mm range,
penetration in sand is very variable with 73% of results lying outside
this range. This also occurs when penetration depth frequency in
concrete blocks is examined as in figure 6.26. The range of shaped
charge jet penetration depths is large and no specific penetration depth
value appears to prevail in the results.

The results of penetration depth determinations for 43g aluminium
shaped charge jets inconcrete slabs on soils andconcrete blocks are
given in figures 6.27 and 6.28 respectively. The results are too few
in number to identify any trends except that in both slabs and blocks
the overall penetration depth ranges are lower than for 43g copper jet
impact depths. Thus while aluminium jets produce holes wider than
copper jets by about 50% , penetration is reduced to about 75% or 80%

of copper jet penetrations.

6.7.2 Influence of the Shaped Charge Parameters

In section 6.7.1 the influence of the difference in shaped charge

liner was discussed in terms of hole diameter and penetration depth.
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Differences in hole diameter and penetration were found by altering the
characteristics of the impacting shaped charge jet.

The jet was modified in test Bl9 by removing the initiator system
and replacing it with a radial rather than a point initiation system as
shown in figure 6.29. This had the effect of reducing penetration by
the 43g copper lined shaped charge jet to 80mm but also increasing the
hole diameter from 14mm to 20mm.

The influence of the speed and mass of the impacting shaped
charge jet was investigated by causing copper jets to penetrate different
thicknesses of steel plate,as shown in figure 6.30,before impacting
concrete. The penetration of the steel removed a part of the front
of the jet and hence reduced its mass. Since a velocity gradient
extends down a jet, this had the effect of reducing the speed of the

new jet tip arrivingat the surface of the concrete. This is shown in

in table 6.11 along with the values of hole diameter and penetration
depth found. In general, lower jet tip speed gave a wider but less
deep hole.

The correlation between hole diameter, penetration depth and
shaped charge scale was not found to hold quite so well as overall
cracking, described in section 6.6.1 and illustrated in figures 6.7
and 6.8. For 298g shaped charges the predicted hole diameter should
have been 28mm taking the mean value of 14mm from figure 6.19. However
results obtained were in the range 10Omm to 20mm. Penetration depth
in concrete was predicted to be 340mm from figure 6.26 and
500mm from figure 6.23 but results were in the range 500mm to 695mm.

The 695mm penetration was in sand soil. Thus scaling was not accurately
achieved but some parameters of the 298g charge, such as charge diameter

and liner angle were slightly different to the 43g charges and this may

233



have been the reason for the differences. Within the study there was
no scope for independently checking this with the few charges available.

6.7.3 Influence of Charge Standoff and the Obliquity of the

Jet Impact

The influence of the standoff of a shaped charge on hole diameter
and penetration depth can be clearly seen in figure 6.31., The majority
of shaped charges used in this study were at 102mm standoff for 43g
charges and 204mm standoff for 298g charges. This corresponded to
three times the charge diameter for 34mm 43g charges but for 298g 56mm
diameter charges the standoff was scaled from the 102mm used for 43g
charges since the charge was generally twice the scale of the 43g
charges except in diameter. The charges can be seen in figures 4.24
and 4.23 respectively.

The shape of the curves for hole diameter and penetration depth
versus standoff for concrete shown in figure 6.31 were found to be
similar to those for shaped charge jet impacts into metals and were not
merely a function of the nature of the test specimen.

Shaped charge jet impacts in this study were usually at normal
incidence but the effects of changing the angle of incidence were
studied on a limited number of test specimens as listed in table 6.12.
The results given in table 6.12 showed that there was no measurable
effect on the shaped charge jet hole diameter or penetration depth even
though a relatively thicker concrepe specimen was penetrated in two
cases due to the angle of incidence of the impact. Figure 6.32 shows
the crack pattern caused to a 380mm concrete cube by a 43g copper
charge jet. Comparison of this with figure 6.7, which is a block
impacted at normal incidence, shows the variation in cracking observed.

The major effects seemed to be that cracking was concentrated in front of

the jet impact point instead of all around the block as in normal impact.
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6.7.4 Influence of the Soil Foundation

The shape of the hole formed in soil by a shaped charge jet was
dependent on the soil type. This is demonstrated in plates 5.2 and 5.10
which show wax castings of shaped charge holes in clay and sand soils
respectively. The penetration depth of a shaped charge jet was similar
in both soils but as the plates show the hole diameter could be up to
ten times larger in clay than in sand.

The holes were found to be caused by expansion of the cavity
produced by the penetrating jet and evidence of this has been found in
'Plasticine' blocks buried in the subsoil as described in sections 4.1.3
and 4.2.1. Plate 6.4 shows one of the 'Plasticine' blocks used and the
brown copper coated cavity can clearly be seen. The different coloured
layers of 'Plasticine' were not deformed vertically showing that no
vertical movement of material had taken place except locally at the end
of penetration. This is further demonstrated in figure 6.33 which
shows two other cavities in'Plasticine' blocks.

6.8 TEST SPECIMEN MOVEMENT UNDER IMPACT

The test slabs, the 380mm and the 760mm concrete cubes all
remained in position during testing except those blocks which shattered
or cracked,where parts moved laterally. The potentiometric displacement
transducer described in section 4.4.4 registered no vertical movement
under jet impact loading but some small vertical movement was observed
(0.25mm) probably due to the blast from the shaped charge explosive

after the impact.

Test specimens smaller than those mentioned above generally
shattered laterally but no information was obtained on any vertical
movements. Air blast tests using plastic explosive PE4 were conducted

to determine the blast effects on concrete surfaces. The surfaces used
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were flat or flat with l4mm diameter holes drilled in to simulate shaped
charge jet holes. The charge was the same mass, standoff and was shaped
in the same W&y as a 43g shaped charge but it was unlined. The

effect of the air blast at 102mm standoff was to remove some laitance
from the surfce of the concrete. Thus air blast damage was deemed

to be insignificant when compared to impact damage.

6.9 LIMITATIONS OF THE TEST PROGRAMME

Experiments involving explosive charges presented special
problems with safety, the speed of the events, damage to instrumentation
and the impossibility of stopping or repeating the test exactly. Where
possible, slab test specimens were impacted several times to try to
obtain some repeated results. This was not as extensive as would be
desired due to limited explosive resources and the damage caused to
instrumentation installed for subsequent tests on the specimens.
Approximately 50% of all electrical instrumentation was lost or damaged
during construction and testing for a variety of reasons, but mainly due
to the blast of the explosive. The verification and checking of
instrumentation was achieved by doubling up instrumentation or by using
a different system such as high speed photography. This checking showed
that results were reliably detected and collected but the values of
individual signals and their interpretation were not always easy to
determine, especially where there had been a lot of electrical inter-
ference during the test. Extensive screening arrangements were
employed but the proximity of instrumentation to the explosions meant
that the disruption was still great.

Although explosive resources were limited,a statistical check
was made on the repeatability of a 43g copper lined shaped charge.

Tables 6.13 and 6.14 contain details of the penetration of copper jets
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into mild steel and concrete blocks respectively. The use of so many
charges was deemed necessary before reliable conclusions could be drawn.
The mild steel was uniform but the results for the concrete were taken
from the test specimens in the main test programme and which were
nominally similar. It was thought unlikely that a set of absolutely
identical concrete blocks could be made so it was felt tht this was
acceptable. The conclusions of the statistical exercise on the jet
penetration of steel and concrete were that the charges were repeatable
and hence results on the test programme would not be likely to contain
any systematic errors due to charge variables. There always remained
the chance though that with so much instrumentation being damaged, the
relatively few experiments and the variable nature of concrete that

any rogue results due to charge variable effects could slip through
undetected. For this reason the results obtained should be used with
regard as to whether they were corroborated ornot by simultaneous or

subsequent results.
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Table 6.1

Summary of Shaped Charge Jet Impact Tests

Type of Specimen Scale or Number Number of | Type of Explosive
Specimen Numbers size of Impacts per Charge
Specimens] Specimen
Concrete slab |S1-514 1/5 scale 20 1 Copper lined charge
525/526
$28/529/530
S31
Concrete slab }S15-524 1/5 scale 11 3 Copper lined charge
S27
Concrete slab |S33-S34 1/5 scale 2 5 3 Aluminium and 2
copper lined charges
Concrete slab |S32 1/2.5 scale 1 1 Copper lined charge
Concrete block|B1-B4€/B53 | 380mm cube 48 1 Copper lined charge
B6S
Concrete block|B47-BS2 380mm cube 6 1 Aluminium lined
charge
Concrete block| B60-B64 760mm cube S 1 Copper lined charge
Concrete block{B54-B59 100mm cube 6 1 Copper lined charge
Metal and M1-M12 - 16 1 Copper lined charge
non metal
Metal and M13/415 - 3 1 Aluminium lined
non metal M18 charge
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Table 6.2

Shaped Charge Jet Flight

Time and Velocity Data

Shaped Charge Distance Travelled Time ! Velocity | Specimen
Type in Air from from ! Reference
Initiation Position| Initiation!

mm pus i mm/ us

43g copper lined 72 26 } ! 5.0 M19
132 38 |
24 18 M16
23 17 M17
102 30 3 S15 to S28
57 22 BS
55 20 B6
52 20 1 4.5 to 5.5{ M1 to MS
102 29¢* 1}

298g copper lined 118 29 6.25 B60
168 37 }
154 34 } 4,17 B61
204 46

43g aluminium lined 57 21 5.0 533
102 30 }
62 22 5.0 S34
102 30 ‘
102 30 B49
102 26 B5S1

43g copper lined - 6 3.33° B22
- 8 2.5** B23
- 13° 1,544 B24

Time for jet to travel 20mm

plates listed below

* After penetrating 10Omm mild
After penetrating 20mm mild

*n

steel
steel

#+» After penetrating 30mm mild steel
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Table 6.3

Shaped Charge Jet Impact

Penetration Data

Shaped Distance (Time to Velocity of Material Specimen
Charge Type|Penetrated|Penetrate|Penetration Penetrated Number
mm us mm/u's
43g copper 12 3 4
lined 24 8 3
36 15 2.4 copper plates M16
48 24 2
60 40 1.5
12 10 1.2 copper plates with M17
30 21 1.42} air gaps
48 34 1.41 between
65 28 2.32 barytes concrete 521
65 40 1.63 barytes concrete 522
65 22 2.95 'Lytag' concrete 523
65 23 2.83 'Lytag' concrete 524
65 20 3.25 sand/gravel concrete 527
14 8 2.8 sand/gravel concrete B8
28 13 }
50 18
100 36 } 2.8 sand/gravel concrete| B3
43g 63 20 3.15 |sand/gravel concretef 533
aluminium 95 53 1.79 sand/gravel PQC and 533
lined lean mix concrete
63 24 2.63 |sand/gravel concrete| 534
95 56 1.70 sand/gravel PQC and
lean mix concrete 534
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Table 6.4

Stress Pulse Data from Shaped Charge Jet Impact Tests

(Radial Compression)

Shaped Charge [Specimen|Specimen{ Aggregate |Distance|Time of Pulse Amplitude
Type Number to Gauge{arrival |Velocity|of Pulse
mm of Pulse| mm/us N/mm’
us
43g copper Slab 525 sand/gravel {150 60 2.5 50
lined 400 165 2.42 25
Block B34 sand/gravel 170 70 2.43 20
Block B40 basalt 190 220 0,95 85
Block B42 limestone 190 230 0.83 45
289g copper |Block B63 sand/gravel 190 80 2.38 86
lined 190 150 - a7*
130 240 - 16
Slab S32 sand/gravel {180 500 0.36 45’
180 680 - 75
» reflected
+ tension
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Table 6.5

Stress Pulse Data from Shaped Charge Jet Impact Tests

(Circumferential Tension)

Shaped Charge|Specimen |{Specimen| Aggregate [Distance |Time of Pulse Amplitude
Type Type Number to Gauge {Arrival |{Velocity|of Pulse
mm of Pulse| mm/us | N/mm
S
43g copper Slab S14 |sand/gravel 200 85 2.35 -
lined Slab 326 sand/gravel 150 110 1.36 250
sand/gravel 300 250 1.36 62.5
Block B1ll sand/gravel 95 70 1.36 187.5
Block B32 sand/gravel 190 80 2.38 40
Block B39 basalt 190 370 Q.51 45
298g copper Slab B64 sand/gravel 170 500 0.34 68
lined
Table 6.6

Stress Pulse Data from

Shaped Charge Jet Impact Tests

{Vertical Compression)

Shaped Charge iSpecimen [Specimen| Aggregate |Distance|Time of Pulse Amplitude
Type Type Number to Gauge |Arrival ([Velocity|of Pulse
mm of Pulse mm/ us N/mm’
us
43g copper Slab S29 |sand/gravel 67 28 2.39 31.3
lined Block B12 [sand/gravel 190 70 2.71 187.3
Block B33 |[sand/gravel 180 50 3.6 35
360 150 2.4 30
Block B38 basalt 380 130 2.92 45
298g copper [Block B64 |sand/gravel 190 200 0.95 68
lined :
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Table 6.7

Concrete Cracking Times from Shaped Charge Jet Impact Tests

Velocity of

Shaped Charge |Specimen Aggregate |Distance of Crack . . Distance *
S s A Circumferential
Type Type Crack Initiation {Initiation
X . Tensile Pulse 3.65*
Specimen point from Time
Number Impact ifor Impact|Distance ¥ Distance ¥
) us
mm us Time (Time-50us)
mm/ us mm/us
43g copper Slab S27 |sand/gravel 250 120 2.08 3.13 68
lined Block B32 " " 190 130 1.46 2.28 52
Block B33 " " 190 170 1.12 1.58 52
Block B37 " " 190 140 1.36 2.11 52
Slab S18 [limestone 500 320 1.56 1.85 132
Slab 321 [barytes 500 170 2.94 4.16 137
Slab S22 " 500 225 2.22 2.86 137
Block B38|basalt 190 165 1.15 1.65 52
Block B4O " 190 200 0.95 1.26 52
Block B7 |sand/gravel 130 90 2.11 4.7% 52
lean mix
43g Slab S33 [sand/gravel 180 120 1.5 2.57 49
aluminium Block BS2 " " 190 120 1.58 2,71 52
lined Block B48|barytes 100 170 1,12 1.58 52
Block BS0O{Lytag 190 60 3.16 19 52
Block B51|1limestone 190 230 0.82 1.06 52
298g copper Block B62]sand/gravel 370 102 3.63 7.12 101
lined Slab 532 " " 170 174 0.97 1.37 47

* 3.65 mm/us is the most commonly quoted value of stress wave
velocity in concrete
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Speed of Cracks Formed by Shaped Charge Jet Impacts

Table 6.8

Shaped Charge | Specimen | Specimen Aggregate Distance Time Speed
Type Type Number travelled to
by crack travel

mm us mm/ us

43g copper Slab S9 sand/gravel 200 91 2.1
lined Slab s27 " " 45 20 2.77
Block B3 " " 95 a0 2.38

Slab 522 barytes 250 350 0.72

Block B14 " 95 20 4.8

Block B13 'Lytag' a5 15 6.3

43g aluminium | Slab S33 sand/gravel 190 60 3.17
lined Block B52 " " 70 30 2.33
298g copper Block B62 sand/gravel 200 42 4.76

lined
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Table 6.9

Spalling Data from Shaped Charge Jet Impacts

Shaped Charge|Specimen| Aggregate |Distance of |Time to|Distance Impact
Type Number spall from | spall | /Time Surface
impact or
point Side Spall
mm us mm/us
43g copper B43 sand/gravel 20 27 0.74 Surface
lined Baa " " 15 26 0.58 Surface
S31 " " 60 45 1.33 Surface
BS3 " " 25 32 0.78 Side
100 52 1.92
BS6 " " { 30 14 2.14 Side
70 56 1.25
BS7 " " { 30 20 1.50 Side
70 50 1.40 }
43g S33 sand/gravel 30 30 1.0 Surface
aluminium s34 " " 30 24 1.25% Surface
lined
B49 basalt 40 30 1.33 Surface
BSO ‘Lytag’ 40 32 1.25 Surface
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Normalised Crack Lengths of Specimens Subjected to a Shaped

Table 6.10

Charge Jet Impact

Specimen Number B26 B28 B31 B27 B30 B29
Sand/cement ratio Neat cement|2/1 a/1 6/1 8/1 10/1
Jet penetration depth, mm 255 204 179 200 178 260
Hole diameter, mm . 13-25%(12-20{12-20115 15
Upper crater diameter, mm * 80 * 90 * 110
Total length of cracks, mm 4286 4826 |2774 |1482 [3268 |3306
Crack width (max) mm » L . » . »
Crack length per side % 380 (a) 140 100 40 30 160 100

(% of side length of (b) 100 100 150 S0 170 105
380mm) mm (c) 200 100 100 30 170 160
(d) 250 170|100 |70 160 |140
Crack length of top surface * 380 (e) 4s0 600 {270 220 200 (225
(% of top surface width
of 380mm) mm
Total normalised cracking
value (a + b + c +d + e) 1140 1070 |660 |400 {860 |730

* data unavailable because of extensive damage and
material movement
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Reduction in Shaped Charge Jet Penetration in

Table 6.11

Concrete by Steel Plates

Specimen Number | Thickness Hole Diameter | Penetration | Jet Tip Speed
of steel in concrete depth mm/ps
penetrated mm in concrete

mm mm
B22 10 20 152 3.33
B23 20 20 120 2.5
B21 25 20 73 -
B24 30 10 72 1.54
Table 6.12

Data from Oblique

Impacts of 43g Shaped Charge Jets on Concrete

Specimen |Specimen | Subsoil Penetration | Hole Diameter | Radius of Upper
No Type mm mm Crater
mm
B20 Block - 162 14 90 - 110
B29 Slab Clay 234 14 100 - 110
B30 Slab Sand 234 14 90 - 110
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Table 6.13

Statistical Data from 43g Shaped Charge

Jet Impacts on Mild Steel

Specimen Penetration Hole Diameter At 40mm Depth
No mm at 20mm Depth mm
© mm
M1 80 10 6.5-7
M2 82 8 7. 5-8
M3 63 9 7-8
M4 80 10 6.5=7
M5 60 5-6 5.5-7
M6 82 10 8
M7 82 10 6.5-7
M8 72 10 7
M9 79 10 7-8
M10 77 11 7=-7.5
Penetration depth
mean 75.7mm
standard deviation ogp-1 8.097mm
on 7 .682mm
Hole diameter at 20mm depth
mean 9.35mm
standard deviation op_1 1.564mm
on 1.484mm
at 40mm depth
mean 7.15mm
standard deviation 0.54mm
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Table 6.14

Statistical Data from 43g Shaped Charge Jet Impacts on

Concrete Specimens

Block Penetration Hole Diameter

Number mm mm
Bl 130 11
B3 150 -
B8 165 -
B10O 136 -
B11 177 14
B12 216 13
B32 194 11
B33 174 10
B34 101 9
B35 190 13
B36 195 12
B37 205 13

!
Penetration

mean 169.416mm
standard deviation opn_1 34.307mm
Sn 32.844mm

Hole diameter
mean 11.778mm

standard deviation on-1 1.641lmm
On 1.548mm

All specimens were sahd/gravel aggregate
pavement quality concrete
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CHAPTER 7

EXPERIMENTAL RESULTS FROM SUBSURFACE CHARGE

EXPLOSION TESTS IN SOILS OVERLAIN BY GROUND SLABS

The subsurface explosion test programme consisted of fourteen
tests and was neither as extensive nor as varied as the shaped charge
test programme. The programme concentrated on eleven 1/5 scale concrete
slab tests Ul to Ull,one 1/3 scale concrete slab test, Ul2, and two tests
in uncrusted soils. Tables 7.1 and 7.2 contain experimental data from
the test programme and table 4.8 gives basic soil properties as
determined by soil tests to British Standard 1377 (197%) and described
in section 5.2.5. Slab cracking and displacement data are given in
tables5.13 and 5.14.

7.1 THE INFLUENCE ON CRATERING OF GROUND SLABS OVERLYING SOIL

SUBJECTED TO SUBSURFACE EXPLOSIONS

A subsurface explosive charge in soil caused a different
crater when a concrete ground slab was cast onto soil. An equivalent
surcharge depth of soil equal to the mass of a concrete slab did not
influence the crater in the same way as a slab. The shear strengthof
the concrete required energy to remove the concrete and this can be
demonstrated by comparing the shapes and sizes of craters in surcharged
soil and under concrete ground slabs.

Figure 7.1 shows a crater formed insurchargedsand by a l6g
PE4 explosive charge. The soil surcharge equalled the mass of a 1/5
scale concrete slab and lean mix layer. Figure 7.2 shows the crater
formed by a 16g PE4 explosive charge under a 1/5 scale ground slab on
sand. The main features are the relative crater sizes and the shear
planes as shown by the movement of coloured columns of sand formed in

the sand. Part of the sand mass under the concrete slab was driven
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laterally away from the expiosion area. The influence of the proximity
of the test bay walls is unknown, but since the shear planes did not
quite extend to the test bay walls, the effects of these walls may not
be so important and may just have a restraining effect as an adjacent
s0il mass would.

Figures 7.3 and 7.4 show respectively a 16g PE4 explosive
charge crater in surcharged clay and under a 1/5 scale ground slab on
clay. The major difference in the case of clay soil is the size of the
crater. The coloured sand columns included in the clay showed that the
Crater was formed by cavity expansion and the influence of this was
localised. Only a limited local shear plane was found to have been
formed in the soil.

7.2 INFLUENCE OF THE SOIL TYPE AND CONDITION ON CRATERING

In this study it was necessary to adopt terminology to
describe the soils in various conditions. Clay was usually at a degree
of saturation of about 97%. This was deemed to be fully saturated.

Sand at a degree of saturation around 59% was classed as "wet" and around
36% the term chosen was 'damp'. Sand with a degree oif saturation below
about 30% was classed as 'dry'.

Fully saturated clay and sand at a degree of saturation of
59% influenced the details of the crater in the soil and the crack
pattern in the concrete slab differentlyto sand at a degree of
saturation of 36%. Figures 7.2, 7.4 and 7.5 show respectively the crater
formed in damp sand,saturated clay and wet sand. The crater shapes
were not quite the same in all the soils but in the case of clay and
wet sand soils, the concrete slab was partially removed from the site.
The crack patterns for the slabs on clay, wet sand and damp sand are

shown in figures 7.6, 7.7 and 7.8 respectively. These figures show
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reconstructed slabs. The pieces of slab removed during the test by the
blast are shown shaded.

The three examples above demonstrated the effect of degree of
saturation of the soil in that the clay and wet sand caused more of the
blast from the explosive to be directed upwards. This resulted in slabs
which were more cracked than in the case of the concrete slab on dry
sand. The water in the soil may have acted as an incompressible fluid
in saturated and wet soils and transmitted the blast pressure better
than the more compressible air found in damp soils.

The shape of craters in soils varied due to soil cohesion.

In clay the crater remained as an expanded sphere with a curved roof and
contained little fallback material. In wet, damp and dry sands the roof
of the crater collapsed and partially filled the true crater. In some
cases fallback reduced the crater to only 50% of its true size, and
particularly in the case of wet sand, fallback almost filled the true
crater. The true crater could always be determined during excavations
by the deposit of soot from the explosive around the entire surface of

the true crater.

7.3 THE INFLUENCE ON CRATERING OF REINFORCEMENT IN GROUND SLABS

The main effect of reinforcing a concrete ground slab was to
prevent it from breaking into pieces in the same way as unreinforced
slabs shown in figures 7.6, 7.7 and 7.8. Figures 7.9 and 7.10 show
respectively reinforced concrete ground slabs subjected to subsurface
explosions in clay and sand subsoil. Thecraters produced are shown in
figures 7.11 and 7.12 for the clay and sand soils respectively. The
craters didnot correspond in size or shape to craters in clay and sand
soils overlain by unreinforced concrete slabs as shown in figures 7.4

and 7.2 respectively. This is possibly due to the additional energy
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required to move the reinforced slab as a single mass rather than
breaking it or punching out the central section. The slab tended to
crack more when the explosion was in clay soil and this corresponded to
the case of unreinforced slabs. This is again thought to be due to
more blast being channelled upwards by the effect of a fully saturated
s0oil and less blast dissipation in the pores in the soil.

7.4 THE INFLUENCE ON CRATERING OF DAMAGED CONCRETE GROUND SLABS

Concrete ground slabs subjected to a shaped charge jet impact
usually cracked as shown in figure 7.13. The single radial crack
shown in figure 7.13 was found to be the only major damage caused and
this did not affect the subsequent crack pattern of the concrete slab
under subsurface explosive blast loading. This was confirmed by a test
on an uncracked slab with a pre-formed hole, as described in section
4.2.1, which was subjected to a subsurface explosion and which cracked
in a similar manner to other slabs with shaped charge holes. The slabs
were both on dry sand and the crack pattern in the slabs was similar to

the pattern shown in figure 7.8.

7.5 MOVEMENT OF SLABS AND STRESS PULSE INVESTIGATION IN THE SOIL

The movement of concrete ground slabs was detected indirectly
by electrically conducting paint crack detectors. The slabs were
painted as shown in figure 7.14 and as the slab moved and cracked, the
time of cracking was recorded and taken to be the start of movement.

It was not possible to use potentipmetric displacement transducers
since the slabs moved by unpredictable amounts and also broke up in
some tests. The slabs appeared to break so that the profile of the
surface resembled a hemisphere. It was thus considered reasonable to
expect the cracks to start at the hole in the centre of the slab and

to propagate out as the slab lifted. Table 7.1 gives values for the
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time of cracking for three slabs, all on sand subsoils. The times vary

from 534 to 950us after detonation,which are wide limits. Their

accuracy has not been checked by high speed photography since the camera's
flash unit could not operate for the length of time required. The

camera did show by default that slab movement did not take place in the
first 300us after initiation of the blast.

The explosive blast, as detected by a gas detector, was found
to take 122us to appear at the upper surface of a concrete ground slab.
The blast wave in soil was found, by the soil pressure gauge, described
in section 4.1.1, to take 770us to travel 670mm in soil. These two
values, quoted in table 7.1, tend to support the timescale for events
such as cracking due to subsurface explosives. The blast wave speed
in soil was 0.96mm/ys which is about one third the wave speed in concrete.
However, soil is a multiphase medium and attenuation caused by reflect-
ion and refraction at soil particle interfaces would be large. At
670mm from a 74g PE4 charge,the stress registered was 5.8 N/mm2. This
is not a reliable measurement for the reasons discussed in section
4,1.1 but the value is much in excess of the value required to cause
soil failure.

The wide variation in event times could also be caused by
unknown factors in the coupling of the explosive to its surrounding
media in the hole. Since the explosive is not compressed as in shot
firing, the range of variables involved could be sufficient to mask any
deliberately introduced variables in the test.

7.6 COMPARISONS BETWEEN CRATERS AT 1/5 SCALE AND AT OTHER SCALES

Table 7.2 contains soil crater dimensions for all tests in the
subsurface explosion programme. This data is best assimilated from

the frequency distribution for true crater diameter and true crater
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depth shown in figures 7.15 and 7.16 respectively. The most frequent
crater diameter found was between 275mm and 325mm with an arithmetic
mean value of 318mm. This was for a 16g explosive charge in a 1/5
scale test specimen. A 74g charge in a 1/3 scale test specimen, Ul2 in
table 7.2, caused a 600mm diameter crater which differed from the
predicted diameter of 509mm expected from scaling rules using 318mm as
1/5 scale diameter. Similarly from figure 7.16 the most frequent crater
depth lay between 225 and 275mm with an arithmetric mean value of 227mm.
The 1/3 scale crater was found to be 500mm deep which varied considerably
from the 363mm predicted value using 227mm as the 1/5 scale diameter.

The frequency of the crater volumes listed in table 7.2 is shown
on figure 7.17. The mean volume for 16g charges was 3.96 x 10—2 m3
This predicts a volume of 15.36 x 1072 n> for 74g charges but in the
74g charge test the volume of the crater was 35.0 x 10—2 m3.

The 1/3 and 1/5 scale tests used explosive masses and burial
depths scaled according to charge scaling laws given in section 2.8.2.
Only these tests were directly compatible. Kvammen (1973) performed
some full scale experiments on pavement ground slabs but explosives,
burial depths and pavement thicknesses did not agree entirely with
those used in this study. The closest results to this study, in terms
of explosive mass, depth of burial and slab thickness have been taken
from Kvammen's work and have been redrawn as figure 7.18 to the same scale
as figures 7.1 to 7.5, 7.11 and 7.12. While exact comparisons are

difficult due to different depths of burial, the scaled down crater
dimensions from Kvammen's work are in broad terms similar to those of
this study.

7.7 LIMITATIONS

Subsurface explosive charges were not constructed as shaped
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charges. Since they onlykconsisted of a mass of explosive with an
initiator, the detonation characteristics of each charge must have
differed slightly from charge to charge. In addition the coupling
between the charge and the sides of the hole into which it was
introduced could not be easily controlled and so these may have varied
significantly.

Instrumentation was not as reliable as in the shaped charge test
series described in chapter 6, nor was it as widely used due to the
small test programme. Results were not so easy to cross check or so
repeatable in the subsurface tests even allowing for the limitations of
the shaped charge tests. Nevertheless, as in the shaped charge test

series, some trends were found.
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Table 7.1

Subsurface Explosive Charge Effects

Specimen Arrival Time Movement Remarks
No of Explosion of
Gases Slab
usec usec
U6 112 - -
us - 850 -
U9 i 534 -
U1o - 950 -
u12 - 770 74g charge 1/3 scale slab

670mm to gauge
5.8 N/mm2
0.96 mm/us speed

16g PE charge at 240mm burial depth except test Ul2
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Table 7.2

Subsurface Crater Data

Specimen Average Crater |[True Crater True Soil Type Remarks
dia. mm Maximum Depth| Crater
mm Volume
m3 % 1072
U1 370 240 4.0 Sand 'Damp’' sand
u2 270 240 3.5 Sand 'Damp’ sand
Reinforced slab
u3 360 250 6.0 Clay
us4 360 270 8.2 Clay Reinforced slab
us 300-330 (315) 285 5.9 Sand 'Wet' sand
ue 312-350 (331) 131 0.7 Sand 'Wet' sand
u7 410-430 (420) 20% 3.0 Sand 'Dry' sand
us 260-310 (285) 170 1.5 Sand '‘Dry' sand
ug 320-400 (360) 270 5.3 Sand 'Dry' sand
u1o0 300-330 (31%5) 180 1.8 Sand 'Dry' sand
Uil 220 250 3.7 Clay
vliz 600 500 35.0 Sand 74g charge
1/3 scale slab
'Wet' sand
Surcharged 100-300 (200) 230 - Sand No slab
Sand U1l3 ‘Dry' sand
Surcharged 370 230 - Clay No slab
Clay Ul4
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CHAPTER 8

CALCULATIONS

8.1 INTRODUCTION

In this chapter calculations are presented for some damage
parameters, for example, the diameter of the hole produced in concrete
by a high velocity metal jet. The formulae used are those developed
by both the theories and the empirical work reviewed in Chapter 2
and for which numerical data has been obtained.

Experimentally determined values are used in the calculations
and these are compared with computed values from empirical formulae
for parameters such as the diameter of a hole formed by impact of
a high velocity metal jet. Values are calculated for 43g copper
lined charges and equivalent data for 43g aluminium lined charges
are quoted where appropriate in brackets afterwards.

8.2 SHAPED CHARGE JET PENETRTION

The hydrodynamic theory of penetration given in sectiﬁn 2.2.3
is tested using data obtained experimentally. Cook (1959) has provided
strong experimental evidence that for ductile, mainly metallic,
targets, the theory works quite well. In order to fit the theory
to the penetration of concrete it was necessary to extrapolate some
of the data taken from tests on metal targets to define parameters
of the impact which proved physically impossible to obtain with

the equipment available,

8.2.1 Assumptions

The hydrodynamic theory assumes that the target and impactor
are subject to such high pressures that by comparison, their material
shear strengths are negligible and thus the materials can be assumed

to behave as fluids.
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Penetration is assumed to continue at a uniform rate until the
impactor, assumed to be a rod of uniform cross section and velocity,is
worn away.

Steady state conditions are assumed to prevail throughout
impact, and penetration is assumed to stop abruptly. Penetration is
not assumed to be by erosion but by lateral pressure on the sides
of the hole.

8.2.2 Calculation of Projectile Parameters

The jet tip speed at impact of a 43gms RDX/TNT 34mm diameter
copper lined shaped charge ié 5000 m/s (5000m/s for aluminium) obtained
from experiments. This has been measured by brass detector gauges
described in section 4.4.2 and by high speed camera photographs,
described in section 4.4.5.

The volume of a hole formed in a copper target by a high
velocity copper jet was found to be 11280 mm® .

From Johnson et al (1968) the application of Bernoulli's

theorem toa projectile impact on a target can be represented by
% V.- U)? = % oUf «+. 8.1
z)\pp (J ) 2 P

where pp is the projectile density
p 1s the target density
V. is the projetile velocity
U is the speed of penetration into the target
A is a constant which is eqﬁal to 1 for continuous projectiles
and 2 for fragmented projectiles
If penetration ceases when the last part of the projectile reaches the

target then the maximum penetration P' is given by

Ap_
) S = —Py% 8.2
P\ = Uty = wo§¢ = L)
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where 1 1is the original length of the projectile
tf is the time of penetration
A dimensionless factor can be introduced into the penetration equation

to allow for the dynamic yield stress of the target, Y. From Johnson

et al (1968) this takes the form

(1 - o, (Y/ pp Y;)) where a,; is a constant

In addition a factor, r, can be introduced for the residual flow

of the target where this flow is taken to be the radius of the hole
at the end of penetration. Total penetration P is therefore the
maximum penetration of the jet plus residual flow by . the impacted

material. Thus

P = p' (1 - a, FY—\-,’-Z') + r ... 8.3
pJ

Substituting g,_ in equation 8.1 for xop and adding a factor Yol where

t
pl is the density of the projectile particles and where vy is a

statistical factor to account for wavering of the jet, equation 8.1

becomes
% Ypl (V-UP® = Bol® + o 8.4

where ¢ is taken to be the difference between the yield strength of
the target (¢ ) and the projectile (o =0, -0,
g (t) proj (p) £t~ %

From Johnson et al (1968) a term k can be introduced to account

for target strength such that
%o (V.- U =%U" o+ k pee 805
J

k is defined by the pressure produced by the projectile when the

Penetration velocity , U = O and in concretes this has been calculated
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in section 8.4 as being 88 to 438 times the value of Oye

Therefore kK = %p V2
| N |

From Cook (1958).
It has been shown by Johnson et al (1968) that the cross section area,
A', of a hole produced by a projectile of area AO is given by:

Ao

A' = — Kyo (V,-1U)? ... 8.6

Ot p J
It is assumed that A' is constant but experiments show this is not
the case.

From penetration P' and an assumed constant hole A' the volume of

the hole Vt is

Vt = P'A! ees 8.7

For a simple projectile mass mp, X = 1 and of the same material as

the target then

v.oov;? m V2
v = P J = 23 8.8
t 8¢ 80 et ue
t t
where Vt = hole volume

mp = mass of projectile

Vp = volume of projectile

Vj = velocity of projectile

o, = target strength (static)

Substituting experimental values for Vt and Vj with copper as the

jet and target gives:

m (5 x 105)z

11.28 =
8 x 2.17 x 109

The copper projectile's mass, mp = 0.76 gms (0.38g for aluminium),

m is the mass of the jet, not the mass of the complete liner.
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From Johnson (1968) the ratio of the hole diameter D to the projectile
diameter djis given by:

P, 1 9
D t 4 / Tt
- = V. (=—) = 0.35 e ves 8.9
dj J 801; g

t

where Vj = velocity of projectile
Pt = density of target
°t = target strength (static)
D = hole diameter
dj = diameter of projectile

Substituting values for copper gives:
Diameter ratio D/dj = 11l.24 (D/quor aluminium = 16.7)

Now D = 13mm for copper by experiment

Therefore the diameter of the projectile i.e. the jet = 1.16mm

(quor aluminium = 1.4mm)

Now the volume of material in the jet = mppp

= 0.76 x 8.93 x 10° mm’
This would produce a jet of length 80.lmm assuming no elongation,
no change in density and that each part of the jet had constant
diameter and velocity (see section 8.2.1). (For aluminium jet
length = 75mm).
Comparing this result with iests on EN28 steel and using the

equations given by Cook (1959)

Where D = hole diameter
s = specimen strength (static)
p = density

and the subscripts ¢, j and s refer to concrete,

the jet (copper) and steel respectively.
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océ . ojé

Ds _ (ES)% c_+ J]
= = (5 AR ... 8.10
s? + 3
1 1
Ds (2L7_% 8.93"% . 8.934]
o = 1 1
pe 1162 7.83% + 8.93"
Ds
Do = 0.43

Hole diameter in concrete Dc = 13mm.
Therefore from the equation Ds should be S5.6mm.
Experiments show that the hole diameter in EN28 steel Ds lies between

5 and 6.5mm.

8.2.3 Comparison with Penetration of the Copper Jet into Mild Steel

Mild steel has a static yield strength of about 33% of the

static yield stength of EN28 steel.

From 8.10,for mild steel the diameter ratio B%i = 0.77

where DM and Dc are the diameters of the holes in mild steel and
S

concrete respectively.

This gives a hole diameter for a copper jet in mild steel of 10mm

which agrees with the value of 9.4mm found experimentally.

8.2.4 Comparison with Penetration of the Copper Jet into

'Plasticine!

'Plasticine' is a proprietary modelling clay of extremely
low strength. Data for the material is quoted from Johnson (1968).

%
%

1

: %

Dp % ,_8.93"

From 8.10, o= = (57)° ( 7
' 8.93

+ 8.93
+1.98

)

From which the hole diameter in plasticine,Dp,is 842mm which is
ten times greater than found experimentally. In order to obtain
a value of 6.2 for Dp/Dc as found experimentally, the static strength

of 'Plasticine' would need to be 10.4 N/mm’ or approximately 100
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times more than it is. Since static strength has been used in
metallic target predictions, it is clearly inadmissible with
'Plasticine' .

8.2.5 Comparison with Penetration of the Copper Jet into Concrete

From equation 8.10,table 8.1 has been prepared comparing
experimental results and calculated predictions for the diameter of
holes caused by copper jet impacts on concretes of variable strength
and density. An equivalent table 8.2, has been calculated for the
predictions of the diameter of holes caused by aluminium jet

impacts on concretes.

From table 8.1 it can be see that for the prediction of hole
diameter caused by the copper jet impact to be accurate, the concrete
would have to be between 6 and 12 times stronger in terms of its
static cube crushing strength. For aluminium jet impacts the
concrete would have to be between 5 and 13 times stronger in terms
of its static cube crushing strength. Crushing strength is
measured under uniaxial locading conditions whereas concrete loaded
by the shaped charge jet is under triaxial compression. This may
account for some of the apparent increase in the strength of the
concrete in the test specimen.

8.2.6 Calculation of the Copper Jet Length from Geometry

Considerations

From Johnson (1972) the velocity of the jet Vj can be
computed in terms of the explosion detonation velocity Ub, the
initial angle of the liner apex 2a and the varying angle of the

collapsing liner such that:

' = 2U_.. sin (B g

il a
j D 2

)cos > (Chapter 2, equation 2.9)

. B
sin 7 cOs™
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From experiments Vj = 5000 m/s
From the textbook of explosives of the Procurement Executive (1970)

%

[+

7850 m/s

42.5° fixed by charge design

Therefore from 2.9 B8 = 56.86°

From Johnson (1972) the jet length can be expressed is terms of the
angles @ and B8, and the geometry of the cone.

If nh is the distance from the top of the main charge to the base of
the main charge (excluding the initiator and booster components) then

using
Lj = h (1 + tana . tan B+a ) (Chapter 2, equation 2.11)

the jet length Lj = 78mm (cf. 80lmm for copper and 75mm for aluminium
in section 8.2.2)

High speed photography has indicated the jet length in experiments

to be of this order. The actual jet is not visible on the photo-

graphs due to the surrounding gas cloud. The length of the cloud

provides the data since the cloud appears to travel at the same

speed as the jet. The mass ratio of the jet to the slug, mj/ms does

not agree with the value quoted in section 8.2.2.

From Johnson (1972) the mass ratio mj/mS is given by

B8
= tan (E)z . Y 8.11

o k3

For the angle 8 = 56.86°

= 0.293

ma|g;

and for a total liner mass of 12.79g this gives of jet mass of 2.9g

(cf. section 8.2.2)
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8.2.7 Calculation of the Jet Length from Target and Jet Density

Considerations

p .
From Johnson (1972) T = Y ;% ... B.12
J

where P = penetration

Lj = Jjet length

pj = jet density

Pt = target density
If P§j = Pt then P = Lj

From experiment P = 85mm
Hence the jet length 1= 85mm (cf. sections 8.2.2, 8.2.3)

8.3 PENETRATION FORMULAE APPLIED TO CONCRETE

Experiments have shown a large range of penetration depths
for a given aggregate. Two formulae are often quoted for penetration

predictions, equation 2.14 and 2.65 (Briggs' formula)

From equation 2.14 for jet lengths of 80mm and 85mm table 8.3 can

be compiled.

Briggs (1974) empirical formula which is only stated as accurate to

t 20% is:
P = 0.177W8&f3 ees 8.13

where P is the penetration depth in m and
%”ﬁs the charge mass in kg.

In the case of the 43g charges used in this study penetration, P,

would be 123mm.

Experimentsin this study have given values from 98mm to 148mm for
penetration by copper jet and 104 to 160mm for aluminium jets. These
lie between 20% and +33% of the value and are roughly in the right

proportion to Briggs' estimate of limits.
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8.4 CALCULATION OF THE PRESSURE GENERATED ON THE SPECIMEN

DURING IMPACT OF A HIGH VELOCITY COPPER JET

According to Johnson (1968) the pressure generated in the
target during impact can be expressed by Bernoulli's theorem. That

is the pressure on both sides of a stationary interface must be

equal.
Therefore pressure B.= %Pj(V-UP = Yot P ese 8.12

where pj is the jet density

Pt is the target density

v jet velocity

J

U penetration velocity

For a jet and target of the same material,from 8.12

2

vV,
0—%— ... 8.13

For a copper jet impacting a copper target

p.= 2.79 x 10% N/mm?
From 8.1 for a copper jet impact on concrete the penetration velocity
U can be computed as 3345 m/s which approximates to experimentally
obtained values inthis study. (cf. Figure 6.2).

The pressure, pr,generated in the hole of a concrete target at a

penetration rate of 3345 m/s is given by 8.12,

4
P. = 1.315 x 10 N/mm’
Assuming the rear of the jet slows to a velocity of 1500 m/s at

impact then the pressure in the target would still be 2.64 x 10° N/mm’
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Table 8.1

Predictions of Copper Lined Shaped Charge Jet

Impact Parameters fromEquation 8.10

Aggregate Concrete Cube Crushing Strength Hole diameter
ie;::ty Actual N/mm’| Predicted N/mm?| Actual |Predicted
g (From actual mm {From actual
hole diameter) strength )
mm
'LYTAG' 1700 30 362 14 52.2
1700 45 362 14 42.7
1700 60 362 14 36.9
SAND/GRAVEL}{ 2350 30 284 15 53.3
LIMESTONE 2350 45 284 15 43.5
BASALT 1 2350 60 284 15 37.7
BARYTES 3400 30 334 13 43.3
3400 45 334 13 36.0
3400 60 334 13 30.7
Table 8.2

Predictions of Aluminium Lined Shaped Charge Jet

Impact Parameters from Equation 8.10

Cube Crushing Strength

Hole diameter

Aggregate [oncrete
Density |Actual N/mm’| Predicted N/mm’|Actual]Predicted
kg/m’ (From actual mm KFrom actual
hole diameter) strength)
mm
'LYTAG' 1700 30 394 22 79.8
1700 45 394 22 65.1
1700 60 394 22 56.4
SAND/GRAVEL} /2350 30 315 23 74.5
BASALT }(2350 45 315 23 60.7
LIMESTONE 2350 60 315 23 52.8
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Table 8.3

Predicted Shaped Charge Jet Penetration

from Equation 2.14

Aggregate Density of | Predicted penetration
Concrete Distance
kg/m* mm
'LYTAG! 1700 184 - 195
SAND/GRAVEL}
LIMESTONE 2350 156 - 166
BARYTES 2300 130 - 138
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CHAPTER 9

GENERAL DISCUSSION, CONCLUSIONS, LIMITATIONS

AND RECOMMENDATIONS FOR FUTURE WORK

9.1 GENERAL DISCUSSION

9.1.1 Shaped Charge Jet Impact on Concrete

Impact of shaped charge jets caused two types of damage in
concrete test specimens. These two types of damage were (i) local
damage, that is the hole formed at the impact point and (ii) gross
damage which included the cracking and sometimes the break up of
the test specimen. While these two types of damage were clearly
defined, the formation of each was linked by the stress pulses caused
by the impact on the test specimen.

The magnitudes of stress pulses obtained show that the stresses
were attenuated very quickly through the specimens. See tables 6.4,
6.5 and 6.6, Even so the values were so much in excess of the
static compressive, tensile in bending and indirect tensile strengths
listed in table 3.13 that the material should have failed. The
rate and duration of the dynamic loading as given in tables 6.2 and
6.3 may be the reason that the material could accommodate such
stresses without damage or it may be the quasi-static calibration
of the strain gauges which was erroneous. Further investigation
is required at a more fundamental level before this situation can
be resolved.

9.1.2 Local Damage to Concrete Caused by Shaped Charge Jet Impact

In ductile materials such as metals a shaped charge jet
impact produces a hole by lateral expansion of material together with

a lip of material around the edge of the hole as shown in figure 9.1.
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Further evidence of the mechanism of hole formation was found in
tests where the shaped charge jet penetrated 'plasticine'. 1In this
case the 'plasticine' layers exhibited no evidence of scouring action
or vertical movement of material. See figure 6.33. Thus the hole

in the 'plasticine' could only have been formed by lateral pressure.

The shape of the hole formed by a jet impact in concrete is
shown in figure 6.18. Generally it consisted of an upper conic
section, sometimes modified by the jet or slug erring off line, a
roughly parallel sided section and a final portion which tapered until
the limit of penetration was reached. Penetration varied but the
lateral dimensions remained approximately constant over a range of
concrete crushing strengths (10 - 70 N/mm’ ) and densities (1700 - 3400
kg/m’ ) .See tables 5.2 to 5.11.

The generally held theory of jet penetration in ductile
materials is that the jet scours out the hole as shown in figure 9.2,
and has been described by Johnson (1972). However evidence found
in this study suggested that the hole in the test specimen was largely
due to crushing of the material and cavity expansion caused by the
very high pressure generated in the hole by the jet. This pressure
was calculated in section 8.4. Electron microscope photographs of
the upper conic area, plates 9.1, 9.2 and 9.3,show no evidence of
scour, only shearing and cracking. Horizontal striations shown in
figure 9.3 in the conic section of the hole also indicate that
some form of lateral shearing action was taking place. The spall time
of 26us for a piece of concrete 15mm from the impact and at the
test block surface would be correct if shearing were the cause.

Also this time, taken from table 6.9,is greater than the time taken

for the whole of the shaped charge jet to impact. Thus scouring
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could not be the cause since this would only take approximately 10us
based on an experimentally found jet penetration rate in concrete

of 3.5mm/us taken from figure 6.2. Further evidence of shearing
was found in high speed photographs, plate 6.2, showing lateral
movement of material under shaped charge jet impact. Here the time
lag between passage of the jet and material movement was 15us to
25us.

The method of formation of the upper conic section of the
shaped charge hole in concrete is thought to be as shown in figures
9.4a and b,and 9.5a and b. In figure 9.4a the jet exerts a radial
pressure on particles A and B. The stress condition set up is
shown in figure 9.4b and the crack initiated. This pressure continues
on particle C and as the jet penetrates into the block on particle B.
The penetration continues with every particle cracking in the same
fashion as particle A except that as penetration increases and the
radius of the cracked particles widens, some particles at the
extreme edges, for example, particle D in figure 9.5a, will also
have some shear resistance. This is shown in figure 9.5b and is
due to adjacent particles not being fully removed by the cracking.
Hence the angle of cracking will be inclined and a conic shaped
depression formed as shown in figure 9.5a. At some point in the
penetration the resistance to shearing will be sufficient to cause
no further loss of material and a parallel hole will form.

Evidence of this is crushed material found adhering to the
sides of the parallel section of the hole and the intact aggregate
particles protruding from the boundary surface. These particles
showed no signs of scour or of being sheared vertically. Aggregate

fractures were however found in the upper conic section of the

hole.
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The parallel sided hole was thought to be formed by either
the influence of the plastic stress wave generated by the impact or
the limit of crushing caused by the pressure generated in the hole
by the impact. Intact aggregate particles on the boundary surface
of the hole would support the pressure theory. High speed photography
of the passage of a jet 15mm inside a concrete specimen showed
movement of concrete material to take place 5 to 21lus aftep passage
of the jet tip. The shock wave would have reached the point visible
by the camera, 15mm from the axis of the jet, much quicker than
this time, so movement due to internal pressure would appear to be
indicated. This time is similar to the surface spall time of 26us
for 15mm distance.

The surfaces of test specimens remote from the jet impact
but perforated by the jet showed evidence of shearing and crushing
of material into the joint between the test specimen and its
foundation. A cone was formed in the lower surface but it was
smaller and was filled with crushed debris. Since it had no
free air surface, the lower surface would have had some resistance
to shear and hence a restraining effect on the lateral pressure
caused by the penetrating jet. Theoretically there should have been
some spalling due to tensile stresses reflected from the incident
compression wave at the lower surface of a test specimen. The
detection of this was extremely difficult in practice since the jet
penetrated at or near the longitudinal wave velocity, usually quoted
for concrete as 3.5mm/us, and so arrived at the surface very soon after
the compression wave. The local penetration effects by the jet would
then have masked any tensile scabbing effects though these would

contribute to the lower surface conic section by introducing tensile
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forces at right angles to the radial compression forces. This would
have the effect of magnifying any Poisson's ratio effect.

Where shaped charge jets perforated a concrete slab and
entered sand soil they crushed the sand particles. The crushed sand
and a reddish brown deposit of copper or aluminium were left on
the sides of the hole in the sand. In clays only the reddish deposit
was found adhering to the sides of the hole since clay particles
where initially much finer than sand particles and hence crushing
was not detectable.

9.1.3 Gross Damage Caused to Test Specimens by Shaped Charge

Jet Imgact

Major damage in concrete blocks and slabs caused by a shaped
charge jet impact consisted of cracking as shown in figures 9.6 and
9.7 for blocks and slabs respectively. This cracking could be
considered as being of four separate types, radial cracking,
secondary radial cracking, cracks due to reflected tensile pulses
and corner cracking. The locations of these cracks are shown on
figures 9.6 and 9.7 and the number of cracks are given in tables
5.2 to 5.6.

Main radial cracks were found to be propagated inwards from
the edge of the slab. The time of initiation of the crack was
longer than the combined time for the shaped charge jet to penetrate
the test specimen plus the time taken for the compressive stress
pulse to travel from the impact zone to the edge of the slab. These
values are given in tables 6.7 and 6.8. There are several theories
for the formation of this crack and the solution may be a combination
of these. After the passage of the compression pulse, a tensile
shear wave followed at half the compressive wave speed. In addition

Poisson's ratio effects could also have occurred. Wwhen the

317



compressive wave reached the boundary of the test specimen, it was
reflected as a tensile wave into an already tensile stressed area as
shown in figure 9.8. Crack velocities were found to vary and crack
initiation times had a wide distribution but the general crack
initiation times and velocities of propagation were consistent with
the theories given above.

The secondary radial cracks were found to travel outwards
from the centre of the test specimen after the main radial cracking
was complete. The formation of these cracks was thought to be due
to a secondary stress field set up in each of the new segments of
the test specimen formed by the radial cracks. Figure 9.9 shows
such a segment in which the reflected tensile waves caused by
reflection of the original compressive stress pulse have themselves
been reflected at crack boundaries as compression pulses. Since
the original tensile stress field had only been partially relieved
by cracking and the moving of segments of the test specimen as
shown in figure 9.8, the resultant stress field in a segment would
be as shown in figure 9.9. Furthermore, due torelative velocities
of stress waves,the maximum effect would be at the corner of the
segment nearer the impact point. Since the waves were being
attenuated by repeated passage through the concrete their effect
would diminish and hence the crack would propagate out towards a
corner but might not reach it. Rhinehart (1960b) predicted that
such a crack should start somewhere along the diagonal and then that
it should propagate possibly in both directions along the diagonal.
Unpublished high speed photography by the author and others at

Sheffield University of an explosive charge detonated on a mortar

block supports this prediction.
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Reflected compressive waves caused the third and fourth
types of cracking found. These are the reflected tensile pulse cracks
and corner cracks. These are really the same crack and were caused
by a compressive pulse being reflected at a boundary as a tensile
pulse. When the tension was greater than the incident compression
plus the tensile strength of the concrete, the concrete cracked
parallel to the side of the specimen. This was clearly described
by Johnson (1972) (p. 18).

Corner cracks as shown in figure 9.7, were formed in a
similar fashion to reflected tensile pulse cracks but in this case
interference of reflected pulses at adjacent boundaries, as shown
in figure 9.8 caused the cracking. The trapped momentum in the
piece of test specimenbroken off at the corner by the crack caused
it to move away from the test specimen. Trapped momentum is also
fully described by Johnson (1972) (p. 58).

9.1.4 Other Observations of Shaped Charge Jet Impact Damage to

Concrete Specimens

Tests were performed on concrete slabs with light steel
mesh reinforcement in the form of a grid with 12g wires at 20mm
centres one way and 16g wires at 40mm the other way at a distance of
10mm from the impact face. See table 4.1. Results given in table
5.2 showed that no measurable difference in penetration occurred,
within the wide scatter of results, when compared with unreinforced
slabs., The reinforcement was included near the upper surface as
shown in figure 3.2 because in prototype slabs, figure 3.1, it provides
resistance against non-structural cracking. However, the crack
patterns produced by the jet impact were similar in location and
crack width to those in unreinforced slabs. See figure 6.9. Electron

microscopy of the reinforced slabs, plate 9.4, has revealed no
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evidence of debonding or perferential cracking along steel/concrete
boundaries.

Those steel wires actually hit by the jet were cut and bent
back locally. In the upper conic part of the hole the wires were
debonded locally since the concrete had sheared in this region.
Previous workers, for example Pack and Evans (1951), have stated that
penetration is not seriously affected by reinforcement providing
not too many bars are encountered by the jet and this also seems to
hold true for scaled concrete according to the results given in
table 5.2,

Most model tests were performed with normal incidence impacts
by the shaped charge jets but several were at 60° to the horizontal.
See table 4.1. These tests have shown similarity with full scale
tests by Watson et al (1983) which indicates that the similarity
is more than coincidental. The most noticeable feature was flaring
of the upper section of the hole.

The similarities between full and scaled charge holes
extended to the upper conic, the transition and the parallel hole
regions. These appeared to correspond,for example the overall
diameter ratio was 440 : 100 which isequivalent to 4.4 to 1 and the
transition zone depth was 180 : 30 equivalent to 6 to 1 (Scale ratio
was 5 : 1). Reinforcement in full and scale tests was cut in a
similar fashion when encountered by a shaped charge jet.

9.2 SUBSURFACE EXPLOSIVE SHOCK TESTS

Subsurface explosive charge effects are very dependent on the
charge mass and its depth of burial. For this reason it was difficult
to compare results with the results of other workers since the

respective tests did not usually scale either in depth of burial or
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charge mass. In this study comparisons have been made with the work
of Kvammen (1973) but here the charge masses were not too well scaled.
A true comparison test has been made at one third scale to test

the scaling laws employed in this study.

Kvammen (1973) described three types of crater which could be
formed by explosive charges in soils under pavements. These were
the shallow type, the deep type and the camouflet, and are shown in
figure 2.17.

In this study only the shallow type crater was obtained because
of the influence of burial depth quoted above. Some apparent camouflet
action has been found in sands but this is because the charge was
not powerful enough to cause punching shear failure in the slab
which remained in position, though fractured and heaved. See figure
7.2. True camouflet action was also not achieved in clays. In this
case the polythene separation layer between the lean mix and
pavement slabs tended to prohibit clay being removed from the crater
by the blast., Instead a false roof to the crater was left, formed
from clay, the slab and lean mix having been punched out locally.

This can be seen in figure 7.4.

The most important feature of cratering in sands was the
influence of the degree of saturation. A low degree of saturation,
did not cause punching out of a section of the pavement over the
crater. The likelihood of this occurring required a greater degree
of saturation of around 60%. Figurés 7.2 and 7.5 show respectively

the influence of 'dry' and 'wet' sand.

Unreinforced slabs had extensive radial cracking and
separation of pieces as shown in figure 7.8 but reinforced slabs as

shown in figure 7.10 were kept in one piece by the action of the

reinforcement.
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There was a small vertical movement of the slab around the
crater zone caused by a wedge of sand being driven by the explosion into
the joimt between the lean mix and the sand foundation. The wedge
effect could clearly be seen in the shear planes which developed both
in the one fifth scale and one third scale models. Figure 7.2 shows
the shear planes in the one fifth scale test.

Fallback material in sand craters was much greater than in
clay and did not depend directly on the moisture content. It
consisted of loose material from the collapsed roof of the expanded
crater andgenerally filled about 80% of the true crater.

Craters in clay were roughly spherical cavities caused by
expansion of the explosion gases. See figures 7.4 and 7.11. Local
material movement in the soil was not as great as for sands but
the blast wave substantially cracked the concrete pavement and, in
the case of unreinforced concrete slabs caused large separation of
the pieces. The clay roof of the crater did not usually collapse
nor was it projected out of the crater with the slab and lean mix
layers. Wedge action by soil material under the pavement did occur
locally to a limited extent and resulted in a well defined shear
plane as shown in Figure 7.4.

The subsurface charge was generally located down a hole
formed explosively or pre-formed during construction of the test
slab, See figure 4.14. There appeared to be no difference in
subsequent cracking or separation of material between identical
pavements whether the hole had been drilled or explosively formed.

Tests were performed on two uncrusted subsoils, that is
without a concrete pavement, but with an equivalent surcharge weight

of soil equal to the weight of a pavement construction. The charges
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were buried at a depth calculated to take into account the equivalent
surcharge density and thickness so that direct comparisons could be
made with crusted subsoil tests, that is those with a concrete
pavement.

The results showed that the concrete slab was much more than
Just a surcharge load and, depending on soil moisture conditions,
there was a fundamental difference in crater shape formed by shallow
explosions in crusted and uncrusted soils. Figures 7.1 and 7.2
show the craters in uncrusted and crusted sand while figures 7.3
and 7.4 show respectively the craters in uncrusted and crusted
clay.

Reports of similar cratering experiments at larger scales are
few and the explosive details are not compatible. However, the
results do in general agree qualitatively which tends to suggest
that full scale results would also agree quantitatively as far as
crater dimensions are concerned.

Undoubtedly certain scaling effects did have a large influence
on the final damage characteristics of the subsurface explosive
attack. Gravity cannot be scaled and nor can time in the scale model
experiments. Gravity dependent features such as heave and debris
flight paths in the one third and one fifth scale tests could
therefore not scale with full scale results.

9.3 LIMITATIONS

Scaling down explosive devices to the size used in this study
could have lead to experimental errors simply because of machining
tolerances and detonation limitations. Quality control of the
construction of the cased shaped charges by X-rays and flash
radiography of a sample of two shaped charge jets in operation,

confirmed results obtained by other means.
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Equipment specifications created problems of accurate measure-
ment at very high rates of loading when events lasted only a few
microseconds. Rise times, sampling rates and camera interframe times
lead to cumulative errors of up to 20% when timing the duration of
some short events in unfavourable conditions. Electronic components
had significant response times in the microsecond measuring range,
especially in circuits requiring voltage discharge or signal splitting.

The hazardous testing environment resulted in the need for
remote control of charge firing. This tended to complicate instrument-
ation in particular since once the firing circuit was armed,personnel
were not allowed to approach the test specimen to reset or adjust
nearby equipment. For example, if capacitor circuits discharged too
quickly due to dampness any delay in conducting the test could
result in the circuits losing too much charge to be of use. Similar
problems occurred from time to time with strain gauge circuits
heating up and drifting out of balance when kept energised for too
long before the test. If such problems occurred with the instrument-
ation it was necessary to render the firing system safe,that is
electrically dead, before resetting the instrumentation. For this
reason tests had to be conducted as quickly as possible between
setting instrumentation and firing the charge to minimise instrument-
ation drift and the need to repeatedly arm the firing system.

This problem was aggravated by another major limitation in
this study which was the problem of reproducing exactly all features
of a test specimen. The relétively large test specimens, constructed
from a variety of inhomogeneous materials were susceptible to
curing conditions, especially the influence of the temperature-time

relation on material strength. This is not uncommon in research
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into concrete and soils but it created problems in this study when
extensive instrumentation failures in a test required a repeat of the
test to obtain information. Instrumentation in this study had an
approximately 50% chance of surviving the test long enough to yield
results. This rate is reported to be about the normal rate for
instrumentation in dynamic explosive testing and for non-dynamic
testing in the field.

9.4 CONCLUSIONS

9.4.1 Shaped Charge Jet Impact on Concrete

1. Concrete impacted by a high velocity metal jet exhibited two kinds
of damage, local as shown in figure 6.18 and overall cracking
as shown in figures 6.7 to 6.16. These two types of damage
can be treated in isolation since local damage usually extends
only a short distance from the axis of the impact of the shaped
charge jet. The two types of damage are linked by stress wave
effects.

2. Provided scaling rules are observed, similarity in the types of
damage identified in 1 will be found in all sizes of concrete
specimens impacted by jets from scaled shaped charges.

3. Local damage and overall cracking were found toc be similar in
concrete blocks and slabs of similar mass subjected to
approximately central impact by identical shaped charge jets.

4. Two limits of concrete mass appear to exist where for a given
charge the test specimen would ghatter or not crack at all under
impact from a given shaped charge jet. These limits are
proportional to the scale of the experiment and conform to
scaling rules mentioned in 2. Thus for each charge the limits
would need to be determined experimentally until sufficient

reported data was available to predict them.
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10.

Reinforcement in concrete has been found to have no significant
influence on either local damage, providing not too many bars
are cut by the shaped charge jet, or on overall cracking. The
steel bars did not act as crack inducers even though stress
pulse velocity in the steel is greater than in concrete.

Age and concrete strength measured by cube crushing, indirect
cylinder splitting or beam modulus of rupture were found to have
no detectable effect on local damage or on overall cracking
under shaped charge jet impact loading.

Local damage,particularly penetration depth,was found to conform
to Briggs'(1974) empirical formula for 43g charges but not for
298g charges. Even so the * 20% limits set by Briggs were
exceeded by 43g aluminium lined charges. Non-empirical formulae
used for metal specimen impacts were found to be inadequate for
use with concrete specimens. The predicted diameter of holes
were more than three times the actual values and for a correct
prediction from the formulae, concrete should be 5 to 13 times
stronger than its cube crushing strength would indicate.

Local damage parameters for oblique angles of impact by shaped
charge jets were not altered, except at the test specimen
surface. There the crater became oval, instead of round, due
to the change in the angle of incidence of the impacting jet.
Shaped charges were mainly useq at a single standoff distance.
In experiments in which standoff was deliberately varied up

to three times the normal standoff no influence was detected on
the hole diameter or penetration distance.

For a given normal rock or gravel aggregate concrete, modifications

to the impacting shaped charge jet caused larger variations in
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the response of the concrete than major changes in the concrete
constituents. Substitution of the 43g copper shaped charge jet
by an aluminium jet resulted in a greater hole diameter, less
penetration and greater overall cracking. A different initiation
system for a 43g copper jet also altered local damage but not
overall cracking. In this case the hole diameter and penetration
depth were similar to those obtained with an aluminium jet.

11. Overall cracking of test specimens has been found to be in
agreement with stress wave theories and theoretical modes of
failure proposed by Johnson (1972).

12. Overall cracking has been shown to be dependent on aggregate
type and cement content of the concrete mix. These factors
are related since barytes (dense aggregate) and 'Lytag' (light-
weight aggregate) both need more cement in the mix than other
natural rock aggregates and gravels. Similarly sand/cement
mortars of various mix proportions have shown this trend even
though water/cement ratios kept the strength of the mortars
high enough to prevent conflict with 6 above. Similarly there
is no conflict with 10 since the additional cracking due to
the modified charge would be added to cracking due to the
change in aggregate.

9.4.2 Subsurface Blast Loading of Concrete

1. The type of soil and its degree of saturation under a concrete
slab influenced the damage cauéed to a slab by a subsurface
explosion. Explosives in clay or saturated sand caused more
punching of the slab near the explosion in addition to other
radial cracking than in unsaturated sand.

2. Shear planes were created in sands due to a wedge action under

the slab caused by the explosion. In clays a cylindrical or
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9.5

a spherical cavity was formed with little shearing except

in the immediate area of the crater.

In sands, fallback material filled the crater but in clays,

the roof of the crater remained intact even though the overlying
concrete slab was punched out and thrown clear of the site by
momentum effects.

Reinforcement in the concrete slab can prevent punching out

of pieces of slab when the explosion is in clay or saturated
sand. The cracking in the slab would be increased and the
reinforcing wires may yield.

Empirical scaling rules for crusted substrates were found to

be of little use. The most important factors were charge mass
scaling, concrete slab thickness and the depth of burst of

the explosive. If all three were satisfied results were
qualitatively similar but not gquantitatively exact. However
any gross out of scale depth of burst of the explosive would
cause lack of fit of results. Comparisons with other related
and partially similar work has shown only qualitative agreement.
The use of scaling laws for uncrusted substrates was not possible
because of 5 above and the influence of the concrete slab.

Since the concrete slab possessed much more shear strength than
an equivalent soil mass, it acted as a structural element and
not as separate soil particles. This indicates that a
different cratering mechanism is in operation in crusted
substrates.

SUGGESTIONS FOR FUTURE WORK

It has been shown that, at high rates of strain, concrete

variables such as mix design, type of aggregate and cube crushing

strength, were relatively unimportant to the overall and local damage
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caused by both shaped charge jet impacts and subsurface blast loading.
This means that any future work on high strain rates in concrete should
concentrate on consolidating knowledge on stress wave propagation,
cracking and spalling on a single standardised concrete mix. This
would aid accuracy but yet still be valid for other concrete mixes.

Present theories of energy partition and dissipation have
not been confirmed by practical work. Hence the lack of numerical
information renders them of little use in the prediction of brittle
material behaviour under high energy impacts. Fundamental information
is therefore required before the analysis of complicated brittle
materials can be attempted. The study of homogeneous brittle
materials such as 'Perspex' (methyl methacrylate) which cracks in
a similar manner to concrete could be a suitable starting point.

The instrumentation developed in this study for investigating
the properties of concrete under high rates of strain has been shown
to be reliable and accurate providing the limitations of section 9.3
are observed. Much more use should now be made of these techniques
in concrete testing both in the laboratory and in the field to
provide data for theoretical analyses. All the techniques could
be operated safely and with no loss of accuracy in the field, some
have already been used for the Ministry of Defence (Watson, A.J. et
al, 1983).

With the recent growth in computer and finite element
analysis techniques it should now be more straightforward to simulate
mathematically the interaction, reflection and refraction of stress
waves, This should proceed in tandem with research into basic
cracking and damage investigations in order that one may contribute

to the other. Already the information obtained on crack direction
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and speed, stress pulse passage times and projectile penetration rates
could be used in a computer mathematical model.

The recent advances in fibre optics could be used to advantage
in the study of internal cracking of concrete under impact loading.
The tamping procedure used in the construction of test specimens
in this study would have damaged any buried fibre optic tubes, but
if more workable mixes were vibrated rather than tamped, then this
system could be practical. Costs of the systems available have
recently reduced especially the cost of the connections to the glass
tubes. This was another factor in the rejectionof fibre optics for

use in this study.
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APPENDIX 1

EQUIPMENT & MATERIALS SUPPLIERS

Barr and Stroud Rotating Mirror High Speed Camera

J Hadland P.I. Ltd
Bovingdon
Hemel Hempstead

Gould 0S 4000 Digital Storage Oscilloscope

Gould Instruments Division
Roebuck Road

Hainault

Essex I1G6 3UE

RACAL Universal Counter Timer

Racal Dana Instruments Ltd
Duke Street

Windsor

Berkshire

Scanning Electron Microscope. Philips PSEM500 with Link Energy
Dispersive Analysis System

Philips Ltd

Eindhoven
Holland

PUNDIT Ultrasonic Testing Equipment
CNS Instruments Ltd

61-63 Holmes Road
London W5

Fylde FE 359 TA Bridge Amplifier

Fylde Electrical Laboratories
49-51 Fylde Road
Preston PRl 2XQ

Linear Variable Displacement Transducer R102, 50mm

Novatech Ltd
Croydon

Concrete Saw and Blades

Clipper Manufacturing Co
Thurmaston Boulevard
Barkby Road

Leicester
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Concrete Mixer. Model ME Multiflow 4cu.ft. capacity

Edward Benton & Co 1ltd
Cretangle Works

Brook Lane

Ferring

Worthing

Sussex

Test Sieves

Endecotts Ltd
Lombard Road
London SW19

Concrete Cube Moulds
Concrete Beam Moulds
Air Entraining Apparatus
Concrete Density Can

Caplin Engineering Co Ltd
Elton Park Works

Hadleigh Road

Ipswich

Sand Cone Apparatus
Wax and Wax Pot

Engineering Laboratory Equipment Ltd
Eastman Way
Hemel Hempstead, HP2 7HB

Reynolds FS10 EBW Firing System

Aviquipo of Britain Ltd
St Peters Road
Maidenhead

Berkshire $S16 7QU

Electrical Plugs, Cables and Fittings
Conducting Silver paint

Conducting Glue

Firing Cables Type UR43

R S Components Ltd

P O Box 427

13-17 Epworth Street
London EC2P 2HA

'Lytag' Lightweight Aggregate
Lytag Ltd
Rugeley Power Station

Rugeley
Staffordshire
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'Barytes' Dense Aggregate

Athole G Allen ltd
Closehouse Mine
Lunedale

Middleton in Teesdale
Barnard Castle

Co Durham

Basalt Aggregate

Tarmac Roadstone Northern Ltd
Waterswallows Quarry
Fairfield

Buxton

Derbyshire

Limestone Aggregate

Tarmac Roadstone Northern Ltd
Tunstead Quarry

Fairfield

Buxton

Derbyshire

Zone 2 Sand Aggregate
Crushed Gravel Aggregate

Fireclay

BCA Ltd

Rugeley Road
Hednesford

Cannoch

Staffordshire WS12 5QZ

Naylor Bros (Clayware) Ltd
Denby Dale

Huddersfield

HD8 8QE

Cement 'Ferrocrete' Rapid Hardening

Blue Circle Ltd
Hope Cement Works
Hope

Derbyshire

Reinforcement

Rigby (Wireworks)} Ltd
New Office

Cross Smithfields
Sheffield 3
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Brass Strips
Copper Plates
Aluminium Block

IMI Righton Ltd
Tyler Street
Sheffield 9

Steel Block (EN28)

Department of Metallurgy
University of Sheffield
Mappin Street

Sheffield S1 3JD

Perspex

Tuckers Ltd
Shoreham Street
Sheffield S1

Electrical Resistance Strain Gauges

TML Ltd

Dell House
Eastern Dene
Hazlemere

High Wycombe
Buckinghamshire

Explosives

R.A.R.D.E. (ET2)
M.0.D.

Fort Halstead
Sevenoaks

Kent

Air Entraining Agent 'Conplast AEA'

Chemical Building Products Ltd
Cleveland Road
Hemel Hempstead HP2 7DL

Wide Angle Sterescopic Cameras. Wild C40
Plates AGFA CEVAERT AVIPHOT PAN 100

Wild Heerbrugg (UK) Ltd
Revenge Road

Lordswood

Chatham

Kent MES5 8TE

Steko 1818 Sterocomparator
Carl Zeiss Jena

93-97 New Cavendish Street
London S1A 2AR

353



Motronic Data Collector for Steko 1818

Surveying and Scientific Instruments Ltd
Wootton Rivers

Marlborough

Wiltshire §SN8 4NQ

Powder Paint, Rowney Fixed Power Colour
George Rowney and Co Ltd
Bracknell
Berkshire
Graphite Rods (Pentel 6H, 60mm long by O.5mm diameter)
Andrews Ltd

West Street
Sheffield
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APPENDIX 2

RULES FOR USING SHAPED CHARGES AND OTHER EXPLOSIVES

General

Shaped charges consist of a 43 or 298g 60/40 RDX/TNT charge
together with an ARDE type 3 exploding bridgewire (EBW). The FS10
firing system must be used with these initiators.

Other charges consist of PE4 or CE* explosive with an L2Al
initiator. The FS10 firing system must NOT be used with these
initiators.

Shaped Charge Tests

A, Preparation

A.1 Clear all personnel from the building and adjacent land.
No unauthorised personnel to enter from now on.

A.2 Switch off all electrical appliances including lights.

A.3 Position the FIRING MODULE behind the nearest convenient block
wall and surround it with concrete blocks.

A.4 Position the CONTROL MODULE outside the building on the
embankment behind the wingwall.

A.5 Lay out but do not plug in the three cables linking the control
module to the firing module. Check control module plugs are
visible from firing module.

A.6 Check cables for damage and plugs for bad connections.

B. Pre-Fire Setting up Procedure

B.1 Select charge and EBW initiator. EBW initiator may be already
fitted to the charge. Transport in a leather bag.

B.2 Take the two leads with YELLOW plugs and short the two plugs.

* Not used in experiments. Only used for demolition or air blast
charges.
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B.3 Strip about 25mm of insulation from each initiator lead and
connect the two leads to the two yellow plug cables. Bind

connections with tape.

Note: a) The EBW initiator cannot be connected in a leather bag
since the leads are too short.
b) It is not necessary to remove the EBW initiator from
the charge for connection purposes.
B.4 Locate the charge into its perspex holder.
B.5 Retire behind the blast wall to the firing module.
B.6 Place the shorting plug into its sockets.
B.7 Connect both YELLOW plugs to the YELLOW sockets on the firing
module.
B.8 Connect the BLACK plug to the BLACK socket.
Connect the RED plug to the RED socket.
Connect the WHITE plug to the WHITE socket.
B.9 Check building for personnel.
B.10 Remove shorting plug.
B.1ll Leave building taking three control module cables.
B.12 Close main doors and lock.
B.13 Proceed to control module.
B.14 Connect BLACK plug to BLACK socket
Connect RED plug to RED socket
Connect WHITE plug to WHITE socket.

c. Firing Sequence*

C.1 Check adjacent area for personnel.

C.2 Sould siren. 3 short blasts.

* Direct firing by the operator. o
(For firing from external sources refer to camera and firing box

manuals for connection details).
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D.3

D.4

E.2

E.3

E.4

E.7

E.8

E.9

Place the shorting plug in its socket.

Check battery (press switch). Light indicates condition.

Sound siren. Long blast

Arm the circuit (hold switch for 4-6 seconds). Do not release
switch.

On obtaining armed indication (light) keep switch held and press
firing button.

Post-Fire Procedure (Successful detonation)

Withdraw shorting plug.

Withdraw BLACK, WHITE and RED plugs.

Open main doors.

Open rear door. Allow time for ventilation.
Place shorting plug in firing module.
Disconnect YELLOW, BLACK, WHITE and RED plugs.

Post-Fire Procedure (Unsuccessful detonation)(See also Section F)

IF NO SOUND IS HEARD. IF BATTERY AND ARM LIGHTS FUNCTION AND

IT IS SUSPECTED THAT THE CABLING AND CONNECTIONS COULD BE FAULTY.
If item C.7 of firing sequence has failed to detonate the charge
repeat items C.6 and C.7.

If no further sound is heard remove shorting plug.

Remove RED, BLACK and WHITE plugs. Check plugs.

Wait 30 minutes.

Enter building, proceed to firing module.

Place shorting plug into its Socket.

Withdraw YELLOW, BLACK and WHITE plugs.

Short the two YELLOW plugs.

Check charge, connections and cables.

E.10 Proceed from item B.3 Pre-Fire Setting up Procedure
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Post-Fire Procedure (unsuccessful detonation)

IF PARTIAL DETONATION HAS OCCURRED OR IT IS WISHED TO DISPOSE
OF A CHARGE WHICH HAS COMPLETELY FAILED TO EXPLODE.

After item C.7 of firing sequence has failed to detonate the
charge wait 30 minutes.

Follow procedure E.3 to E.8 inclusive. Lock main doors.

Follow disposal procedure L.1 to L.15.

Other Charge Tests

H.5

H.6

I.1

I.2

Preparation of Testing Building

Clear all personnel from the building and adjacent land.
Switch off all electric appliances including lights.
Lay out the two core YELLOW firing cable and short each end.

Pre-Fire Setting up Procedure

Select charge and initiator.

Introduce charge and initiator into the building in separate
leather bags.

Ensure that both ends of the firing cable are visible.
Connect the initiator using the leather bag as protection.
(It is possible to retreat behind a blast wall for further
protection). (EBW initiators follow sequence B.1l to D.S).
Locate charge.

Locate initiator on charge.

Check the building is clear of personnel.

Leave the building, taking the free end of the firing cable.
Lock the main doors.

Firing Procedure*

Check adjacent area is clear of personnel.

Check resistance of circuit using ohm-meter (Refer to data).

* Direct firing by the operator.
(For firing from external sources refer to camera and firing box

manuals for connection details).
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I.3 Sound siren. 3 short blasts.
I.4 Couple firing line to generator.
I.5 B5Sound siren. Long blast.

I.6 Activate generator.

J. Post-Fire Procedure (Successful detonation)

J«.1 Disconnect firing line from generator. Short the cable.
J.2 Open main and rear doors.

K. Post-Fire Procedure (Unsuccessful detonation)

For partial detonation wait 30 minutes and then proceed to
L.l to L.15 inclusive.

K.1 Repeat item I.6.

K.2 If still no detonation disconnect generator.

K.3 Short firing line cables.

K.4 Wait 30 minutes,

K.5 Enter building taking firing line free ends.

K.6 Disconnect firing line from initiator.

K.7 Leave building. Lock main doors.

K.8 Follow disposal procedure L.1 to L.15 inclusive.

L. Disposal Procedure

L.1 Prepare a suitable charge of PE4* and obtain a new L2Al initiator.

L.2 Take charge and new initiator into testing building.

L.3 Short firing cable.

L.4 Connect new initiator to firing cable.

L.5 Place disposal charge on undetonated charge and then install
new initiator.

L.6 Check building clear of personnel.

L.7 Retire outside building and lock main doors.

* Usually equal to the mass of the original charge.
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L.8 Check circuit using ohm-meter. (Refer to data).

L.9 Sound siren. 3 blasts.

L.10 Connect generator.

L.11 Sound siren. Long blast.

L.12 Activate generator.

L.13 If successful short out firing cable.

L.14 Open main and rear doors. Ventilate.

L.15 Examine site of detonation and short firing cables.

L.16 It is extremely unlikely that a disposal charge will misfire
Should this occur proceed to K and prepare a second disposal
charge. All undetonated products should be gathered together
and disposed of by a charge equal to the combined masses of

unexploded charges.
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APPENDIX 3

COMPUTER PROGRAM AND CALCULATIONS

FOR STEREOCOMPARATOR DATA

The output tape from the stereocompartor used for the measure-

ment of shaped charge holes contained only a string of data.

The following computer program converts this data into horizontal

and vertical coordinates suitable for plotting as a series of cross

sections at a constant distance apart,

figure 5.

108

110

115

120
10

8).

MASTER COMPUTE

F=64.87

G=64.80

DO 5 I=1,4
READ(1,105)N,X,Y,P
FORMAT(I4,3(2X,F7.0))
ZA=400*F*G/ (G*X-F*(X+P))
ZB=ZB=ZA

XA=ZA*X/F

YA=ZA*Y/F
WRITE(2,110)N,XA,YA,ZA
FORMAT(1X,14,3F15.8)
CONTINUE

AZ=2ZB/4.0
WRITE(2,115)AZ
FORMAT(1X,F15.8)

DO 10 I=1,200
READ(1,105)N,X,Y,P
ZA=400*F*G/(G*X-F*(X+P))
XA=ZA*X/F

YA=ZA*Y/F

ZZ2=(ZA-AZ) /1000
WRITE(2,120)N,XA,YA,ZA,Z2
FORMAT(1X,I14,4F15.8)
CONTINUE

STOP

END

FINISH

* 9% % %

Qutput is of the form:

460.414 -254.732 2.002

A B C
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17.91370
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is the 'x' coordinate of the cross section in mm from a base line.
is the cross section distance from a base line perpendicular

to the 'x' coordinate axis in mm.

is the vertical distance in metres of the 'x' coordinate point
from the stereoscopic camera datum.

is the depth of the 'x' coordinate point in millimetres beneath

the original slab surface datum.

362



	296084_001
	296084_002
	296084_003
	296084_004
	296084_005
	296084_006
	296084_007
	296084_008
	296084_009
	296084_010
	296084_011
	296084_012
	296084_013
	296084_014
	296084_015
	296084_016
	296084_017
	296084_018
	296084_019
	296084_020
	296084_021
	296084_022
	296084_023
	296084_024
	296084_025
	296084_026
	296084_027
	296084_028
	296084_029
	296084_030
	296084_031
	296084_032
	296084_033
	296084_034
	296084_035
	296084_036
	296084_037
	296084_038
	296084_039
	296084_040
	296084_041
	296084_042
	296084_043
	296084_044
	296084_045
	296084_046
	296084_047
	296084_048
	296084_049
	296084_050
	296084_051
	296084_052
	296084_053
	296084_054
	296084_055
	296084_056
	296084_057
	296084_058
	296084_059
	296084_060
	296084_061
	296084_062
	296084_063
	296084_064
	296084_065
	296084_066
	296084_067
	296084_068
	296084_069
	296084_070
	296084_071
	296084_072
	296084_073
	296084_074
	296084_075
	296084_076
	296084_077
	296084_078
	296084_079
	296084_080
	296084_081
	296084_082
	296084_083
	296084_084
	296084_085
	296084_086
	296084_087
	296084_088
	296084_089
	296084_090
	296084_091
	296084_092
	296084_093
	296084_094
	296084_095
	296084_096
	296084_097
	296084_098
	296084_099
	296084_100
	296084_101
	296084_102
	296084_103
	296084_104
	296084_105
	296084_106
	296084_107
	296084_108
	296084_109
	296084_110
	296084_111
	296084_112
	296084_113
	296084_114
	296084_115
	296084_116
	296084_117
	296084_118
	296084_119
	296084_120
	296084_121
	296084_122
	296084_123
	296084_124
	296084_125
	296084_126
	296084_127
	296084_128
	296084_129
	296084_130
	296084_131
	296084_132
	296084_133
	296084_134
	296084_135
	296084_136
	296084_137
	296084_138
	296084_139
	296084_140
	296084_141
	296084_142
	296084_143
	296084_144
	296084_145
	296084_146
	296084_147
	296084_148
	296084_149
	296084_150
	296084_151
	296084_152
	296084_153
	296084_154
	296084_155
	296084_156
	296084_157
	296084_158
	296084_159
	296084_160
	296084_161
	296084_162
	296084_163
	296084_164
	296084_165
	296084_166
	296084_167
	296084_168
	296084_169
	296084_170
	296084_171
	296084_172
	296084_173
	296084_174
	296084_175
	296084_176
	296084_177
	296084_178
	296084_179
	296084_180
	296084_181
	296084_182
	296084_183
	296084_184
	296084_185
	296084_186
	296084_187
	296084_188
	296084_189
	296084_190
	296084_191
	296084_192
	296084_193
	296084_194
	296084_195
	296084_196
	296084_197
	296084_198
	296084_199
	296084_200
	296084_201
	296084_202
	296084_203
	296084_204
	296084_205
	296084_206
	296084_207
	296084_208
	296084_209
	296084_210
	296084_211
	296084_212
	296084_213
	296084_214
	296084_215
	296084_216
	296084_217
	296084_218
	296084_219
	296084_220
	296084_221
	296084_222
	296084_223
	296084_224
	296084_225
	296084_226
	296084_227
	296084_228
	296084_229
	296084_230
	296084_231
	296084_232
	296084_233
	296084_234
	296084_235
	296084_236
	296084_237
	296084_238
	296084_239
	296084_240
	296084_241
	296084_242
	296084_243
	296084_244
	296084_245
	296084_246
	296084_247
	296084_248
	296084_249
	296084_250
	296084_251
	296084_252
	296084_253
	296084_254
	296084_255
	296084_256
	296084_257
	296084_258
	296084_259
	296084_260
	296084_261
	296084_262
	296084_263
	296084_264
	296084_265
	296084_266
	296084_267
	296084_268
	296084_269
	296084_270
	296084_271
	296084_272
	296084_273
	296084_274
	296084_275
	296084_276
	296084_277
	296084_278
	296084_279
	296084_280
	296084_281
	296084_282
	296084_283
	296084_284
	296084_285
	296084_286
	296084_287
	296084_288
	296084_289
	296084_290
	296084_291
	296084_292
	296084_293
	296084_294
	296084_295
	296084_296
	296084_297
	296084_298
	296084_299
	296084_300
	296084_301
	296084_302
	296084_303
	296084_304
	296084_305
	296084_306
	296084_307
	296084_308
	296084_309
	296084_310
	296084_311
	296084_312
	296084_313
	296084_314
	296084_315
	296084_316
	296084_317
	296084_318
	296084_319
	296084_320
	296084_321
	296084_322
	296084_323
	296084_324
	296084_325
	296084_326
	296084_327
	296084_328
	296084_329
	296084_330
	296084_331
	296084_332
	296084_333
	296084_334
	296084_335
	296084_336
	296084_337
	296084_338
	296084_339
	296084_340
	296084_341
	296084_342
	296084_343
	296084_344
	296084_345
	296084_346
	296084_347
	296084_348
	296084_349
	296084_350
	296084_351
	296084_352
	296084_353
	296084_354
	296084_355
	296084_356
	296084_357
	296084_358
	296084_359
	296084_360
	296084_361
	296084_362
	296084_363
	296084_364
	296084_365
	296084_366
	296084_367
	296084_368
	296084_369
	296084_370
	296084_371
	296084_372
	296084_373
	296084_374
	296084_375
	296084_376
	296084_377
	296084_378
	296084_379
	296084_380
	296084_381
	296084_382
	296084_383
	296084_384
	296084_385
	296084_386
	296084_387
	296084_388
	296084_389
	296084_390
	296084_391
	296084_392
	296084_393
	296084_394

