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Introduction

The problem of projectile penetration into earth target has been studied

for several hundred ycarsand an imimense amount of literature has been
published which are reviewed in literature (Dayal 1974, Fuchs et al 1963,
Hakala 1965, Schimd 1969, Thomson 1966, Wang 1971). Historically,
interest in projectile penetration has stemmed from militery applications.
Recent work has highlighted many possible avenues of engineering
applications; among those are a remote site investigation of inacessible
locations such as lunar surface, ocean bottom, swamps and jungles (Caudle
1967, Dayal et al 1975, MeNeil 1972, Schmid 1969). :

In more recent years, several studies have been carried out both
theoretical and experimental, to study the projectile penetration pheno-
menon. Most of those investigatiops are concerned with projec_li}c
striking a relatively hard target of soils at considerably high velocity.
Various theoretical relationships have been proposed for estimating the
velocity profile, maximum penetration depth and total force (Hakala
1965, Schmid 1969, Themson 1966, Wane 1971). However, those ipvesi-
gations are hamperedbecause of inadequate knowledge of failure
mechanism of projectile penetration and complex condition of soil in situ.
In general, the target material has been assumed to be homogenous
isotropic half space, either compressible elastic, incompressible plastic, or
viscoplastic. Unfortunately, soil deposits generally do not satisfy most of
thr above properties. This results in adding a number of variables to
already complicated problem.

_ Withthe advancement of clectronics the present day projectiles are
mstrumented with accelerometer and are useful tools in tracing the velocity
profile, depth of penetration and total soil resistive force offered to the
‘projectile. The acceleration signature alone is inadequate in explaining
the penetration mechanism and estimating the target strength. To over-
come these difficulties a modiffcation in the projectile instrumentation was
proposed (Dayal et al 1973) which, in addition to accelerometer, was
instrumented with cone thrust and local side friction (sleeve friction)
measuring devices. It has been shown in earlier papers (Dayal et al 1973,
1974a 1974b) that the proposed instrumentation system provides a useful
tool for measuring insitu strength properties of soft soil targefs.

In order to understand the penetration mechanism laboratory tests
were carried out with the instrumented projectile under fully controlled
conditions. The purpose of this paper is to present those results and to
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explain penetration mechanism applicable to low welocity projectile
renetration of clav. l

Test Program

The Jaboratory test programs in this investigation were of the following
three tvpes:

(i} Two-dimensional constant velocity penetration tests
(/) Constant velocity penetration tests, and
(iii) Projectile penetration tests

The objectives of the first two types of experiments were to study the
mechanism of soil displacement during penctration and the influence of
penetration rate-effects on shear strengthy so that, realistic assumptions
concerning the velocity and stress fields can be made in theoretical

analysis.

The two-dimensional constant velocity penetration test results (Dayal
et al 1974 a) indicated that under low velocity the failure mode is basi-
cally of a ‘static’ nature (the soil resistance is distributed over the base
and shaft of the projectile). From the experimental results of constant
velocity penetration tests (Dayal 1974, Dayal et al 1974a) it is established
that in clav soils an increase in penetration velocity increases both cone
and sleeve friction resistances and this increasz in apparent cohesion is
directly proportional to the logarithm of the velocity ratio.

A series of projectile penetration tests were conducted, on partially
saturated cohesive targets. The influence of the following selected para.
meters on penetration mechanism were studied:

(1) Weight of projectile.
(2) Tmpact velocity

(3) Nose shape, and

(4) Target strength

Test Apparatus

The basic dimensions of the projectile selected for this experimental
program are the same as those generally used for the static cone penetr-
ation tests to enable the utilization of available knowledge or static
penctration tests for evaluating test results, The projectile was a 60° cone-
tipped right-circulor cvlinder of area 1.55 sq. in. (10 cm?), diameter of the
fr;cllog sleeve was 1.405 in. (35.6 mm) and the surface area was 23.25 sq.
in. (1530 cm?). The overall height of the projectile was 3.5 ft. (I.Oj‘nm). 1t
It was designed to provide a varying weight system ranging from 15 1b.
(6.8 hg) to 45 1b. (20.4 kg) so that a pre-selected weight can be used in
particular tests and the noses of the projectile were interchangeable. In
the present investigations four nose shapes were studied-30° 60°, 90° and
blunt nose. The impact velocity used ranged from 10 fps (3, mf;) to 20
fps (6.1 m/s) controlled by the free fall height of the projeé:ti]c. The
instrumentation consisted on an accelerometer. a cone load cell, and a
friction sleeve load cell to measure acceleration/deceleration, cone thrust
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and local side friction respectivelv. The signals were amplified and
recorded on a four channel high speed instrumentation tape recorder. The
detailed descriptions of the design of transducers, projectile and recording
equipment have been presented in earlier papers (Dayal 1974, Dayal et al
1673)

Target Material and Consiruction

The target material was pottery clay (readily available in large quan-
tities) which provided a uniform target materail. The mineral analysis of
this material indicated its composition to be mainly of illite gnd chlorite
minerals withsome persentages of quartz, feldspar, and kaolinite. Accor-

ding to the M.LT. system of soil classifications, it is cla.?siﬁec'l as clayey slit.
The physical properties of the modeling clay used are given in Table I.

TABLE 1

Physical Properties

Liquid Limit = 37%

Plastic Limit = 219
Plasticity Index = 16%
Specific Gravity = 2.615

All material psses 5% 200 sieve

The test material was thoroughly dried and pulverized. It was placed
in a large concrete mixer and mixed with a measured amount of water
to obtain a specific moisture content. The material was recycled until the
mixture was homogeneous and was then removed from the mixer. Targets
were constructed in cylindrical steel molds of 18 in. (45.?2.cm) diameter
and 30 in. (76.20 cm) high. The soil mixture was placed in the mold in
layers (normally 4 to 8 in., 10.16 to 20.32 cm) and compacted with
modified AASHO hand hammer. The desired density was controlled by
the number of blows per layer of soil. During the target construction, the
samples were collected at 6 in. (15.24 c¢m) intervales for moisture content
determination. After construction of the target up to approximately mid-
dpeth, the in-situ vane shear tests were performed at 6 in. (15.24 cm)
intervals. The vane shear tests for the remaining upper half were per-
formed either before or immediately after the test at 6 in, (15.24 cm)

intervals. The average density was calculated from the total weight of
the target.

Test Results

In all the tests acceleration/decelaration, cone thrust, and local side
friction (sleave friction) were recorded which, as described in earlier papers
(Dayal 1974, Dayal etal 1974a, 1974b) can be related directly to the
strength governing parameters of the target materials. In cohesive soils,
‘static’ strength profile can be obtained from the measured ‘dynamic’
strength profile by applying the correction for strain/peneration rate
sensitivity. TIn addition, the proposed instrument has been shown to be
an effective device for estimating the depth, strength, and the soil type of
different layers. It will now be shown that the measured cone and sleeve
friction resistances provide a rational approach for explaining the pene-
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tration mechanism and quantifying the various previously reported quali-
tative observations,

Figure 1 is a typical output record for medium stiff clay. Tarzet and
;;Lu_yectll.le properties are given with penetration tes: resuls where they occur
The salient recorded features of the event, as indicated f, cceler .

d fe: , e : rom acceleromet
cone thrust, and friction slecve records, i;'lcfude : e

(a) From the accelermeter record
(1) acceleration of the projectile for a while after impact, then
(2) a steady increase in deceleration, and finally

(3) an abrupt drop in declaration level with an acceleration pulse or
‘dip’ towards the end of the penetration event.

(b) From the cone thrust record

(1) an abrupt rise in cone thrust at the beginning of the event, then

(2) a steady decrease in cone thrust (attributed to penetration velocity
effect), and finally

(3) a sudden drop at the end of the event.
(¢) From the friction sleeve record

(1) a steady increase in friction at the beginning of the event (due to
continuously increasing area of the sleeve), then

(2) a steady friction, and finally
(3) a gradual increase in friction with negative friction towards the
end of the penetration event.

It appears that the ‘dip” on the acclerometer record is the result of the
rebounding of the projectile caused by elastic energy stored in the soil du-
ring penetration. The friction record, which at the end of the penetration
event shows a substantial negative friction on the sleeve, confirms the
occurrence of rebounding phenomena. Although the ‘dip’ at the end of
the event may be important to the understanding of the complete mecha-
nism, its influence on the penetration depth is normally insignificant. Con-
sequently, this aspect will not be considered in this investigation.

Weight of Projectile

To study the effects of the weight of the projectile on penetration
mechanism, tests were conducted on two different types of targets having
shear strengths of 1066 psf (51 kN/m?) and 204 psf (9.8 kN/m2). Thetest
results are plotted in Figures 2, 3,4 and 5. These results indicate that an
increase it the projectile weight vields an increasc in total penetration, an
increase in the total time of the penetration event and a decrease in
measured deceleration. The measured cone thrust and sleeve friction
records indicate that an increase in the weight of the projectile does not
make any significant difference to their magnitudes.

Impact Velocity

The effect of impag:t velocity on the penetration mechanism was studied
and the results for impact velocities of 20.01 fps (6.1 m/s), 18.84 fps
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(5.7 m/s), 16.79 fps (5.1 m/s), 15.26 fps (4.6 m/s) and 12.37 fps (3.8 m/s)
arc shown in Figures 6, 7 and 8. These results indicate that increase in
the projectile’s impact velocity vields an increase in the measured ‘peak’
deceleration, a decrease in the total time of the penetration event and an
increase in total penetration. For approximately up to 60 per cent of the
total penetration depth, the rate of gradually increasing deceleration and
its magnitude are more or less the same for the tested velocity range.
Furthermore, the increase in impact velocity generally yields an increase
cone thrust and sleeve friction values. This is attributed to velocity effects
on cone and sleeve friction resistance (Dayal et al 1974q).

The effects of impact velocity and the weight of projectile on the
penetration mechanism have been studied by several investigators. In
contrast to the present investigations of low velocity impact and bhigh
frontal loading, their studies were mostly on high velocity impact and low

frontal loading, but their results show qualitative agrecment with the above
mentioned conclusions.
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Nose Shape

'I‘fst ;esulgs for four nose shapes {30_"‘, 60°, 90" and blunt nose) are
plotted in Figures 9, 10 and 1l. Those results confirm the intuitively
obvious findings of previous investigators (Murff et al 1972, Thomps
1966, young 1969) t} i i s e

, young )_) t 1at’t11e increase in nose sharpness yields an increase in
the total penetration. The blunt nose projectile experiences a very high
deceleration at impact (several attempts were made in the present investi-
gations to measure the peak deceleration at impact, but it was much higher
than that of the rated range of the accelerometer) but after that decclera-
tion trace is similar to that of other end shapes.

Table 2 shows the average cone thrust and sleeve friction obtained
from impact tests for different end shapes. An examination of Table 2
reveals that the maximum and minimum cone resistances are offered to the
blunt and 60° cone, respectively. Contrary to the general belief (Thomson
1966, young 1969), it is seen that the 30° cone encounters more resistance
than the 60° cone. The cone resistance ratio is given in column 5 of
Table 2 for different cone angles with respect to 60° cone. Similarly,
column 6 of Table 2 shows the ratio of Meyerhof’s (1961) bearing capacity
factor (Ne,) for a different cone angle to the 60° cone angle. The trend of
the experimentally observed values is similar to that for Meyerhof’s the-
oretical ratios calculated for the ‘static’ condition,

The sleeve friction records indicate that the increase in cone angle
causes a decrcase in sleeve friction resistance. The sleeve friction
resistance for a blunt shape is approximately 35 per cent lower than the
30° cone. However, the combined effects of cone and friction resistance
produce little difference and thus a small difference is observed in the total
penetration depth. [t is noted that, in spite of the higher cone and friction
resistances for & 30° cone, a 60° cone yields lower penetration depths than
a 30" cone. This is because of the geometrical shape viz., 30° cone provides
2 lesser surface area than a 60° cone for the same height.

TABLE 2

Cone and Sleeve friction resistances for different nose shapes

Ratio of cone pressure
~ne
Test i Cone, Sleeve Penctra- w.r.t. 60° cone
No 3 Thrust in Friction tion depth
: Shape : : :
(psf) (in psf) | in ft .
Experi- Meyerhof’s
ment theoretical
1 2 3 4 5 6
€.8.11 3e° 32600 2110 0.82 1.2 1.02
CS5.1.2 60° 27000 2075 0.803 1 1
C.5.13 90° 33200 1825 0.745 1.23 1.04
C.S5.14. Blunt end 42000 1550 0.7 1.55 1.2

Note : 1 psf == 47,9 N/m?, 1 ft — 0.305 m.
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TABLE 3
Test Resutts For Different Target Strengths

wt. of Impact Taget Dry Unit | Moisture | Peak deccl- Cone Sleeve Penetration
Test No. Projectile Velocity Strength wt. in Content eration in Thrust Friction Depth

in Ib in fps (r) in psf Ibjcu ft o fifsec? in psf in psf in ft.
CV.1.2. 56.64 18.84 571.5 82 269 268 12300 1250 1.3
CW.11, 56.64 18.89 1066 91 239 357 22000 1990 0.886
CS.1.2. 56.64 18.89 1410 89.6 22.92 365 27000 2075 0.803

Note: 11b = 0.453 kg; 1 ft = 0.305 m; 1fps = 0.305 m/s; 1 ft/sec? = 0.305 m/sec?; 1 psf = 47.9 N/m?.
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Target Strength

Three test results are abstracted in Table 3 to show the effect of target
strength on penctration event. ~ As capected, these results indicate that an
increase in target strength yields an increase in ‘peak’ deceleration, a
decrease in total penetration, and an increase in cone and sleeve friction

resistances.

Conclusions

Low velocity projectile penetration tests were performed on clay
targets under controlied conditions with a projectile instrumented with
accelerometer, cone thrust and sleeve friction measuring devices. This
instrument provided a rational approach for explaining the penetration
mechanism and quantifying the various previously reported qualitative
observations.

The total resistance on a projectile is made up of two parts, resistance
on the nose and resistance along the side. Those resistances are found to
be more or less depth invariant (beyond th= depth of 2D) but increasing
with velocity.

The penetration is found to increass as the weight of projectile increa-
ses and also with impact velocity. The magaitud: of cone and sleeve
friction resistances are not influenced by the weight of the projectile.
However, these resistances are highly influenced by the strength of target
and end shapes of the projectile. It is found that the 60° cone-shaped
projectile offers the minimum resistance and the blunt one the maximum.
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