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The problem of rrojeclile penetraLio:1 into ear th target has been s tudied 
for c5cveral hundred years a nd an immense amo unt of literature has been 

published which a re reviewed in literature (Daya/ 1974, Fuc h s et al 1963, 
H akala l 965, Schimd 1969, Thomson 1966. Wang 1971). Historically, 
interest in projectile penetra tion has stemmed from mili tery applications. 
R ecent work. has high ligh ted ma ny possible avenues o f engineering 
applica tions; among those a re a remote site invest igat ion o f inacessible 
locations such as lunar su rface, ocean bo ttom, swamps a nd jungles (Caudle 
1967, Dayal et al 1975, McNeil 1972, Schmid 1969) . 

In more recent years, se\·eral studies have been carried out both 
theoretical an d experimental. to studv the projectile penet ration pheno
menon. Most o f those invcstigat{ons are concerned with proj ectile 
striking a relatively hard target of soils at considerab ly high velocity. 
Various theo retical relat ionships Ju ve been p roposed for estima ting the 
velocity profik, m :r\ imum penet ration depth and total force (l _fakal_a 
1965, Schmid 1969, ·1 homson J%6, Wang 1971 ) . H o wever, those rn ves1• 
gat ions a re ha rnpcredbecause of ina dequate knowledge of fai lure 
m echanism of projecti le penetration a nd complex condit ion of soi l in situ. 
fn general, t he target material has been assumed to be homogenous 
isot ropic half space, either compressible elastic, incompressib le plast ic, or 
viscoplastic. Unfort una te ly, so il d eposits genera lly do not satisfy most of 
tlu above p roperties. This results i n adding a number of variables to 
al ready complicated problem. 

With the advancement o r electronics the present day projectiles a re 
instrumented with accelerom eter and are useful tools in tracing the velocity 
profi le, depth o f penetration and total soil resistive force offered to the 
projectile. The <1.cce leratio n signature alone is inadequa te in explaining 
the penetration mechanis m and es t imating the target strength. 1 o o ver
come these difficulties a m odification in the projectile instrumentation wa s 
pro posed (Dayal e t a l l 973) which, in add ition to accele rometer was 
instrun~ented wjth cone thrust and loca l side fr iction (s leeve fr i~tion) 
m easuring devices. It bas been shown in earlier papers (Dayal e t al 1973, 
1974a 1974b) tha t t be proposed instrumentation syst e:n provi des a useful 
tool for measuring insitu strength pro;)erties of soft soil targets. 

In ord~r to unde'.stand the penet ration m echanism laboratory tests 
were. ~a med out wit h the instrumented projectile under fully controlled 
cond1t1ons. The pu rpose o f t his paper is to present those results and to 
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c,plain pcnetra';on mechanism a ppl icable to low vc oci ty projectile 
penctr.:ition of cla y. 

Test Program 

The laboratory test programs in th is investi_;ation were of tbe follO\\ ing 

three types: 

(i) Two-dimensional constant velocity penet ration tests 

(ii) Constant velocity penetratio n tests, and 

(iii) Projectile penetration tests 

The objectives of the first two type~ of experim~nts were to_ study the 
mechanism of soil d isplacement dun ng penetration a?? ~he mfluenc~ of 
penetration rate-effects on shear strength, so that, reahst1~ assumpt1~:ms 
concerning the velocity and stress fields can be made 10 theoretical 
analysis. 

T he two-dimensional constant velocity penetration test results (Daya l 
et al J 974 a) indicated that under low veloci ty the failure mode is basi
cally of a 'static' nature (the soil resistance is distributed over the base 
and shaft of the projectile). From t he experimental re_sul~s of coo_stan t 
veloci ty penetration tests (Daya l_ 1974, Day~! et a l 1 ?74~) 1t 1s established 
that in clav soils an increase m penetration velocity increases both cone 
and sleeve f~iction resistances and this increas~ in appa rent cohesion is 
directly proportional to the logarithm of the velocity ratio. 

A series o f projectile penetration tests were conducted, on par tially 
satu rated cohesive targ-.:ts. The influence of the following selected para. 
meters on penetration mechanism were stud ied: · 

(1) Weight of projectile. 

(2) Impact velocity 

(3) Nose shape, and 

( 4) Target strength 

Test Apparatus 

T he basic dimensions of the projectile selected for this experimental 
program are the same as t hose generally used fo r the sta tic cone penetr
ation tests to enable the utilization of available knowledge or static 
~enetrat_ion t~sts for ev~luating test results . The projectile was a 60° cone
t1~p~d n ght-c1rcul:1r cyltn_der o f area 1.55 sq. in. ( 10 cm2) , diameter of the 
fnct1on sleeve was 1.40 5 m . (3 5.6 mm) and the surface a rea was 23 .25 sq. 
in. (150 ~m~). The ov~rall heigl!t of the projectile was 3.5 ft. (1.07 m). It 
Tt was designed to provide a "a ryrng weight system ranging from 15 1 b. 
(6.8 . J...g) to 45 lb. (20.4 kg) so that a pre-selected weight can be used in 
partlcular t ests and the noses o f the projectile were interchan oeable. In 
the present investigations four nose shapes were s tudied-30° 60~ 90° and 
blunt nose. The impact velocity used ranged from JO fps (3 m/~) to 20 
~ps (6.1 m/~) contr?lled by the free fall height of the projectile . The 
instrumentation consisted on an accelerometer . a cone load cell and a 
friction sleeve loiid cell to measure acceleration/deceleration, co,~e thrust 
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and local side fr iction respectively. The sign als were a mplified and 
recorded on a four c hannel high speed ins tru mentation tape recorder. The 
dela ilc:d descr iption, of the design of transducers, projectile a nd recording 
equipment have bc.: n presented in c;,rlier pa pers (Dayal 1974, Dayal et al 
1973) 

Target Material and Constructio11 

The target material was pottery clay (read ily ava ilable in large quan
tities) which provided a uniform target materail. T he mineral a nalysis _of 
this material indica ted its composition to be mainly of illite and chlonte 
minerals withsome p ersentages o f quartz, feldspar, a nd kaolinite. Accor
ding to the M.I.T. system of soil classi ficat ions, it is classified as clayey slit. 
The physical properties of t he modeling clay used a re given in Table 1. 

TA13LE 1 

Physical Properties 

Liquid Lim it = 37% 

Plastic Limit= 21 % 

Plasticity Index = 16% 

Specific Gravity = 2.615 

All material psses # 200 sieve 

The test material was thoroughly dried and pulverized. It was placed · 
in a Jame concrete mixer and mixed with a measured amount of water 
to obta;1 a specific moisture content. The material was recy~led until the 
mixture was homogeneous and was then removed from the mixer. Targets 
\\'e, ..: constructed in cylindrical steel m olds of 18 in. (45.72 cm) diameter 
a nd 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 cm) intervales for moisture content 
determination. After construction of the target up to approximately mid
dpeth, the in-situ vane shear t ests were performed at 6 in. ( 15.24 cm) 

· intervals. The vane shear tests for the remaining u pper half were per
formed either before or immediately after the test at 6 in, (I 5.24 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 (slea ve friction) were recorded which, as described in earlier papers 
(Dayal 1974, Dayal eta! 1974a, 1974b) can be related d irectly to the 
strength govern ing parameters o f the target materials . In cohesive soils, 
'static' strength profile can be obtained from the measured 'dynamic' 
st rength profile by applying the correction for strain /peneration rate 
sensitivity. In 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 b e shown that the measured cone and sleeve 
friction resistances provide a rational approach for explaining the p ene-
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tration mechan_ism anJ qua ntifying the various pre·.·iously reported quali
tat1\·e observations 

Figu re 1 is 1 typical ou tr ut reco rd for mediu m sti ff clay. Tan!et and 
p rojectile properties are gi\·en \\ ir h penetration tes: resuls where the\-:- occur. 
'I he salient reco rde~ (eatures of th e event, as indic:J. ted from accele~omcter 
cone thrust, and fr iction sleeve records, include : 

(a) 

(l) 

(2) 

(3) 

(b) 

(I) 

(2) 

(3) 

(c) 

(I) 

(2) 

(3) 

From the acceler m eter record 

acceleration of the projectile for a \\ bi le afte r imp:ict, then 

a steady increase in deceleration, and fi nally 

an abrupt drop in decla ra tion level with a n acceleration p ulse or 
' dip' toward3 the end of the penetration eYent. 

From the cone thrust r ecord 

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

a steady decrease in cone thrust (attributed to penetration velocity 
effect), and fi nally 

a sudden drop at the end of the event. 

From the friction sleeve record 

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

a steady friction, and finally 

a gradual increase in friction with negative friction towards the 
end of the penet ration event. 

It appears that the ' dip' on the acclerometer record is the result of the 
rebounding of the projectile caused by ela stic energy stored in the soil du
r ing penetration. T he fric tion record, which at the end of the penetration 
event shows a substan tia l negat ive fricti o n on t he sleeve, confirms the 
occurrence of rebounding pheno mena . A lthough the 'd ip' at the end of 
the event may be important to the understanding of the complete mecha 
n ism, its influence on the penetration depth is n o rmally in significant. Con
sequently, this aspect will not be considered in this investigation. 

Weight of Projectile 

To study the effects o f the weight of the projectile on penetration 
mechanism, t ests were conducted on two different types of targets having 
shear st rengths of 1066 psf (51 kN/ m~) and 204 psf (9.8 kN/m 2). The test 
results are plotted in Figures 2, 3, 4 and 5 . These results indicate that an 
increase it the projectile weight yields an increase in total penetration, a n 
increase in the total time of the penetration event and a decrease in 
measured deceleration. The measured cone thrust a nd sleeve frict ion 
records indicate t hat an increase in the weight of the projectile does no t 
make any signi ficant difference to their magnitudes. 

Impact Velocity 

The effect of impact velocity on the penetration mechanism was studied 
and the resu lts for impact velocities o f 20.01 fps (6.1 m/ s), 18.84 fps 
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FIGURE 1. Typical impact penetration test records for m~dium stiff clay (1 L B = 0-t53 kg, t FT/SF.C• -~ 0.305 ·M/SEC!) 
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FIGURE 2 Plot of Penetration depth vs acceleration for different weights 
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FIGURE 5 Impact test results for soft clay 
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1 FT/SEC' = 0 30S l\I/SEC2; 1 L13/FT' = 47.9 N/M2
) 

(5.7 m/ s), 16.79 fps (5.l 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 yields an increase in the measured 'peak' 
decelerat ion, a decrease in the total time of the penetration event and an 
increase in total penetration. For approximately up to 60 rcr cent of the 
to tal penetration depth , the rate of gradually increasing deceleration and 
its magnitude arc more o r less the same for the tested velocity range. 
Furthermore, the increase in impact velocity generally yields an increase 
cone thrust and s leeve frict ion values. This is attributed to velocity effects 
on cone and sleeve friction resistance (Dayal et al l 974a). 

The effects of impact velocity and the weight of projectile on the 
penetration mechanism have been studied by several invest igators. Tn 
contrast to the present investigations of low velocity impact and high 
frontal loading, their studies were mostly on high velocity impact and low 
frontal loading, but their results show qualitative ag reement with the above 
xm:ntioned conclusions. 
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Nose Shape 

Test :esul~s fo r four nose shapes (30°, 60?, 90? and blunt nose) are 
plot_ted Ill J:1gures 9, 10 and 11. Those resu lts confirm the intui tivelv 
obv1ou~ findmfs of previou~ invest ig~tors (Murff ct a l 1972, Thompson 
1966 , '.)Oung 1Y69_) that the mcreasc m nose sharpness yields an increase in 
the total penetratw n. Ille bl unt nose projectile experiences a very hig h 
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 r:1ted range of the accelerometer) but after that decelera
tion trace is simila r 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 di fferent cone . angles with respect to 60° cone. Similarly, 
column 6 of Table 2 shows the ratio of Meyerhof's (1961) bearing capacity 
factor (Ncr) for a different cone angle to the 60° cone angle. The trend of 
the experimentally observed values is similar to that for Meycrhof's the
oretical ratios calculated for the 'static' condition. 

T he sleeve friction records indicate that the increase in cone angle 
causes a decrease 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. ft is noted that, in spite of tbe higher cone and friction 
resistances for a 30° cone, a 60° cone yields lower penetration depths than 
a 30~ cone. This is because of the geometrical shape viz., 30° cone provides 
~ k-ssc:r 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 

Test End Cone Sleeve p;:.qetra- w.r.t. 60° cone 

No. Shape Thrust in Friction lion depth 
(psf) (in psf) in ft 

Experi- Meyerhof's 
ment theoretical 

1 2 3 4 I 5 6 

C .S.1.1. 30° 32600 2110 0.82 1.2 1.02 
C.S.1.2. 60° 27000 2075 0.803 1 
C.S.1.3. 90° 33200 1825 0.745 1.23 1.04 
C.S.1.4. Blunt end 42000 1550 0.7 1.55 1.2 

Note : 1 psf = 47.9 N/m2, 1 ft = 0.305 m. 
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TABLE 3 

Test Resul!s For Different Target Strengths 

Wt. of I Impac t 

I 
Tagct Dry Unit Moisture Peak decel- Cone 

Test No . I Projectile Velocity Strength wt. in Content era tioo in Thrust 
io lb io fps (T) in psf lb/cu ft % ft /sec• io psf 

c .v.1.2. 56.64 18.84 577.5 82 26.9 268 12800 

C.W.1.1. 56.64 18.89 1066 9 1 23.9 357 2::!000 

c.s . 1.2 . 56.64 18.89 1410 89.6 22.92 365 27000 

Note: I lb= 0.453 kg; I ft= 0.305 m; lfps = 0.305 m/s; 1 ft /scc2 = 0.305 m/sec2; I psf = 47.9 N/m' . 
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Target Strength 

Three test results_ arc abstracted in Table 3 to show the effect of target 
strength on penetrauon event. As c:-.pccted, t hese r e sults indicate that a n 
increase in target strength yields an incrc~se io 'peak' dece!crat!o1!, a 
decrease in tota l penetration, and an increase ID cone and sleeve fnct10n 
resistances. 

Conclusions 

Low velocity project ile penetra tion tests were performed on clay 
targets under controlled condit ions with a projectile instrumented with 
accelerometer, cone thrust and sleeve frict io n measuring devices. This 
instrument provided a rati onal approach fo r explai ning the penetration 
mechanism a nd quantifying the various previou$1y reported qualitative 
observations. 

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

The penetration is fou nd to incre:.is.! as the weigh t of projectile increa
ses and a lso with impact velo;;ity. T he m1gni tud-: of cone and sleeve 
fr iction resistances are not in ffoencid by the weight of the projectile. 
However, these resistances a re highly influenced by t he strength of ta rget 
and end sh:i.pes of the proj ~ctile. It is found that the 60° cone-shaped 
projectile offers the minimum resistance and the blunt one the maximum. 
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