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PRE1''"ACE 

Thia i• the final report on work accomplished under Contract DA-11-

190-ENG-22 with Barodynamic1, Inc., under SIPRE Project 22. 4-7, 

Penetration of projectile into frozen ground. The purpose of this work wa• 

to observe projectile penetration and to determine the feasibility of using 
bomb■ released from aircraft for producing entrenchment■ for troop■ in 

frozen ground. 

The scope of the Fort Church u bomb penetTation teat• was planned 

by W. K. Boyd, Chief, Frozen Ground Applied Research Branch. 

Arrangement■ for joint participation in the project nf the Royal 
Canadian Airforce and U. S. Army Corp• of Engineer■ were made through 

the Office, Chief of Engineers. The field work and analysis of data were 

undertaken by Barodynamica, Inc. The field work at Fort Church, Mani­

toba, Canada, wa• auperviaed by Clifton W. Livingston, aided by Boyd 
M. Harnden and F. J. Mo11man. It would have been impouible to over­

come the many problem■ of operating under arctic condition■ without the 

ae1i1tance of Major John H. Weaver, Commanding Officer, Field Teat 

Team Arctic, and Flight Lieutenant Robert Coulter, Royal Canadian 
Airforce. 

The data were analyzed and the report wa• written by Clifton W. 
Livingaton, with the a11i1tance of Frank J. Lynch, Boyd M. Harnden, 

and Helen J. Livingston. During the analy1i1, Dr. Glen Murphy reviewed 
the data and contributed to the analy1i1. The draft report wa1 edited by 
E. G. Fi1her. 

The report ha1 been reviewed and approved for publication by the 
Office, Chief of Engineen. 

Manu1cript received 15 April 1959 

~t,;;;R "" 
Colonel, Corp• of En1ineer1 
Director 

Department of the Army Project 8-66-02-400 
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SUMMARY 

Inert mortar shells and inert general-purpose, semi-armor-piercing, and armor­piercing bombs were dropped on frozen ground (glacial till) near Fort Churchill, Manitoba, Canada during the winter 1956-57 to observe project.ile penetration and determine the feasibility of forming trenches and foxhole• in frozen ground by mean• of bombs released from aircraft. Projectile• ranging from 81 ·mm mortar 1hells to 1600 AP bombs were relea1ed from,\Altitude1 of 2000 to 24, 500 ft. A"aly1i1 of the test data was directed towards determining fundamental■ of penetration of projectile• into materials of the earth' 1 crust. 
Previously, experiments had been conducted to ob1erve the effect• of explo1ion1 

V 

in deeply frozen 1lacial till and to ob1erve penetration of projectile• into concrete slabs, rocks, soi11, and armor. A1 a result of experiment• in United State• and England, several mpirical penetration formula• were available. It had been obeerved in granite that a stre11 ra111e exiated in which p.:!"etration wa1 greater than could be explained by a brittle-1tate failure. 
Although the evidence 1ugge1t1 that the law■ for pe,~etration by pure brittle-1tate failure differ from the law• for penetration by pla■ tic deformation, it 1eem1 pouible to correlate tbe behavior of a wide range of material■ 1ubjected to impact of pro­jectile• by means of a po1tulated model law for impact 

where 

J y = Tm ;J'f Po1tulated 
(2) model law 

for impact 

y i1 the vertical dietance (ft) from the ground 1urface to the no1e of the projectile at the end of it1 underground trajectory 
T i• a tran1ition ratio {dimen1ionle1s) which indicate ■ the relative propor­tions of brittle fracture and pla1tic deformation 
m the plastic deformation index expre11e1 the tendency of material to deform plastically 

I i• the energy of impact {ft-lb). 

As the energy of impact of a bomb that 1trike1 a ma11ive target ii increa1ed, the bomb pa11e1 through the ricochet range into the cratering range, where penetration i1 accompliahed primarily by brittle-1tate failure. Uthe energy of impact i1 lncrea1ed further, a point i1 reached at which penetration i1 accompli1hed by pla1tic deformation. Thi■ point ha• been cho1en a1 the 1tandard of reference of the po1tulated model law for impact. It de1ignate1 the energy level at which the tran1ition ratio T i1 1. 00 and at which the behavior of variou1 material■ can be compared. 
A• the energy level increa1e1 beyond that at T = 1. 00, penetration ia accompli1bed by pla1tic deformation, and empirically derived penetration formula• now in u1e do not appear to be applicable. 
An analogy wa1 drawn between pla1tic deformation and fluid flow, and the equation 

L - W ln Ci - c, goz c 1 +c,p voz (8) 

wa1 de rived u1ing law• for the motion of a body through a fluid. The equation expre11e1 the path length of a bomb penetrating a 101id in term• of the weight af)d diameter of the bomb, the 1triking velocity of the bomb, the den1ity and unit weight of the mat~rial penetrated, and two coefficient■ C1 and C1 , which are related to the material and it1 re1istance to penetration by the bomb. The coefficient■ C1 and Cs {which equal a con1tant time• the drag coefficient) vary in a complex manner. The equation bna been reduced to the equivalent form 



vi 

L = 6~z (~ V+b). 
(9) 

Values of /:iy/"1.x and b depend upon both the material penetrated and the bomb. 

Values within the range d the tests have been determined for the shells, general· 

purpose bombs, semi-armor-piercing bombs, and armor-piercing bomb1 that were 

dropped on peat-covered frozen Churchill till. 

Using the plastic deformation equation and the postulated model law for impact, 

the following equations were derived: 

T = we (~v+'b) 
6o&m -!,r Ax 

( 10) 

m= (11) 

( 12.) 

Equation l O makes it possible to predict the type of fracturing, the degree of 

fragmentation, and the shape of the underground trajectory or to classify the impact 

of a body upon a solid into one of three ranges of behavior--the ricochet range, the 

cratering range, or the tunneling range. Equation 11 makes it possible to determine 

the variation of penetration in a given material due to bomb type, nose shape, and 

body shape; and equation 12. may prove helpful in evaluating the coefficients C 1 and 

c, and in extrapolating the data to materials other than frozen ground. 

None of the presently available general-purpose, semi-armor-piercing, or 

armor-piercing bombs meet the requirements of a bomb for making trenches and 

foxholes in frozen ground. However, using the above penetration equations and the 

"concept of optimum weight", which states that the weight of the bursting charge 

should equal the weight at Livingston's lower limit of the 1hock range, a 1erie1 of 

bombs designated the FH series (for foxhole) were designed. 

It i• predicted that the proposed FH bombs will have a greater balli1tic coef­

ficient and a le1ser bombing error and that they will penetrate to greater depth• 

than conventional bomb• of the 1ame diameter. 
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BOMB PENETRATION TESTS, FORT CHURCHILL, CANADA 

by 

C. W. Livingston 

INTRODUCTION 

Objectives 

Previous military experience has shown that conventional entrenching tools are 
us e le ss for making trenches and foxholes in frozen ground. The inability of troops 
to entrench themselves properly has resulted in high casualties both from cold 
weather and from enemy fire. The use of explosives for excavations in 1hallowly 
frozen ground and in deeply frozen ground was investigated in 1954 and 1955, 
(Livingston, 1956; 1959). Field tests at Houghton, Michigan, and at Fort Churchill, 
Manitoba, Canada, demon1trated the feaaibUity of u1i.n1 explo1i.ve1 for entrenchi.na 
troops and excavating for structures. However, the equ~pment required for drUUng 
ho.lea in which to place the explosives charge is vulne rable to enemy fire under 
front· line battle condi lions. 

Results of tests of the penetration of bombs into rocks (Livingston and Smith, 
1951) suggested that the hole might be drilled by mean• of a projectile released from 
aircraft. Logistical considerations favor the use of a projectile designed to explode 
after penetrating to the proper depth. 

The objectives of the Fort Churchill bomb penetration test• are: 

1) To determine the feasibility of using projectile• released from aircraft to 
make trenches and foxholes in deeply frozen ground. . 

Z) To investigate penetratior. characteristics of the mu1keg·covered, frozen 
glacial till which occurs throughout vast areas of the 1ub·arctic and arctic. 

3) To obtain data fundamental to the penetration of projectile• into mate riall 
and to the elastic or plastic behavior of the materials. 

4) To obtain data euential to the design of projectile• intended for entrenching 
troops rapidly in frozen ground under battle condition,. 

Site selection 

lt was known from previous SIPRE field work near Fort Churchill, Manitoba 
(lat. N 59• 45' ), that the ground was frozen to a depth much greater than that 
required for the proposed tests. It was known also that the mantle of glacial debri1 
overlying the bedrock reached a thickness as great as 90 ft. Preliminary rec on· 
naissance work at the close of the Fort Churchill blast tests indicated that a 1uitable 
site could be found in the vicinity of Fort Churchill. 

The site was chosen in accordance with the following requirement•: 

1) The site to be not less than 4000 ft diam, as !lat a1 po11ible, and free of 
large stones and boulders. The frozen ground to be a1 homogeneou1 aa po11ible 
to a depth of approximately 40 ft . 

Z) The minimum distance from any habitation to be Z mile1. The minimum 
distance from a town or city to be 5 miles. 

3) The location to be such as to minimize interference with other cold weather 
test programs at Fort Churchill and to avoid interference with the operation of 
aircraft approaching the Fort Churchill airport. 

The site selected (Fig . 1) lies between a timber-covered glacial esker (locally 
known as " Cornell Ridge" ) and Mc~ueen' 1 Lake. The bombing range ii a 1quare, 
3000 m on a side . The limits of the range coincide with grid limit• aa e1tabli1hed 
on Canada Department of Defence Army Survey Establishment Sheet, 54 K/ 12 
West Half. The area within the grid lines is a marsh land 75 ft above sea level and 
has a flat and level surface (Fig. Z) . A layer of peat ranging from 6 to 15 in. thick 
covP.rs the underlying glacial till (Fig. 3 ). 

Pebbles observed within the clay matrix of the un1tratified Fe rt Churchill 
glacial till range from basic ferro-magnesian rocks to acid granitic rock1. N t 
only igneou1 rock1, but also 1edimentary and metamorphic rock• are preaent. To 
accumulate 1uch a wide range of rock type1, it i• evident that the advancin1 ice 
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Figure 3. Layer of peat above frozen 
glacial till, Fort Churchill bombing range. 

sheet traversed several geologic provi ces, In traveling such a great distance, the aggregate was thoroughly mixed. As the glacier retreated, the upper part of the till was reworked by stream action, and in places by beach action. The coarse reworked material is strrttified and lies on top of 1.mtlisturbed material that is unstratified. The process of reworking accumulated the coarse component, which represent• perhap1 less than l % of the unstratified till, in a linear pattern that resembles an esker. The finer components are dispersed laterally. 
One such esker-like area lies immediately to the west of the Fort Churchill bombing range. The flat surface of tr.e bombing range, its relation to the e•ker-like area, and the predominance of clay-siz~ mate rial observed in most of the bomb craters suggests that the original mantle of glacial till may have been rewor'•.ed. However, the nature of the erosion surface that lies immediately below the l. ..,. yer of peat (Fig. 3 ), the absence of statification in the til , and the random disperaal of the pebbles and boulders within the matrix show that i'. has not . It is probable, therefore, that the esker-like area has been formed by beach action. 
In summer, the Fort Churchill bombing rang'? becomes a marsh land. Water accumulates in the depressions and at times forms a sheet that covers much of the surface. Vegetable matter of the marsh lar,d has decayed in places to form a layer of peat that covers the site and ranges from 6 to 15 in. in thickne81. 
The " active layer" is from l to 5 ft thick at the Fort Churchill bombing range, depending upon the insulation of the peat cover. The glacial till below is rerennially frozen. The temperature of the ground varies with the depth below surface and with the ambient temperature. Ground temperatures were not measured duri.ng the bombing tests, but they were measured at 2. ft intervals from l to 7 ft below the surface during March, April, and May of the previous year (Living,.ton and Murphy, 1959, Fig. 5). It is assumed that the ground temperatures do not differ enough from one winter to the next t•.) greatly modify the rock factor !!· 
Altl,ough ground temperature does not vary directly with the ambi P t temper­ature, it may be inferred from the trend of wind chill and trend of ambient temper· ature (Fig. 4) that the ground temperature within thP. active layer was 1ub1tantially below freezing during the period of the test drops 2.1 February to 2.1 March. In March of the previous year the ground temperature at a depth of 7 ft below the 1urface was l0F. 

Becaust: o, Lilt, var1at1on in size and the random di~tribution of pebblet1 and bouldera within the glacial till it is impouible to obtain a soil ,ample that i• truly .c:presentative. However, the three characteriltic type• of glacial till ni;,ar South Camp, Fc,rt Churchill, for which gradation curves are presented in Figure 5 and 
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compress ion test data in Figure 6, are con­
sidered representative of the variation 
in physical properties of the unstratified 
glacial till in the general vicinity of Fort 
Churchill. The sample classified in 
standard Corps of Engineers terminology 
as clay (CL-ML) is characteristic of 
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most of the bombing range. Soil samples 
from various bomb craters at the test I , ·•"I ,.,.,..L,- I 

site are being analyzed at SIPRE labora· 
tories. The results will be presented at 
a later date. 

Surveying and target layout 

Because of the flat topography and 
the limits of accuracy with which the 
altitude of aircrait is known wi th respect 
to the ground, it was concluded that the 
target elevation could be taken directly 
from Canada Department of Defence 

Figure 7. Observation tower. 

topographic m aps. Aerial photographs and an aerial mosaic of the area furnished 
additional detail. It was concluded that a local survey system properly tied to the 
aerial mosaic would adequately serve the requirements of the test program. 

Points on the ground that were easily accessible and could be identified readily 
on the aerial mosaic were marked with flag poles and red cloth. These points were 
spotted on the aerial mosaic. Tentative target locatk·ns chosen from the aerial 
photographs and the aerial mosaic were established, and an inspection was made on 
the g round to observe the nature of the vegetation, the regularity of the grou"ld surface, 
the thickness of the snow, and the visibility of the target from various directions. 

A line of flight bearing N 2.0° W was chosen as the approach line to the target. 
When the plane is £lying in this direction, the bombardier has his back to the sun most 
of the time during the months of January and February at the latitude of Fort Churchill, 
and the plane is heading into the direction of the prevailing wind. The direction of 
flight avoids interference with other aircraft approaching Fort Churchill, and in the 
event of a "hung bomb", the path of the aircraft avoids all installations and inhabited 
areas. 

Three ground observation towers were fixed 4000 ft south, northeast and north­
west from the center of the target (Fig. 7). The distance was based upon limits of 
accuracy for visual bombing with several of the same types of bombs in previous 
tests, with a suitable safety factor. The observation stations were placed so that 
radial lines from the center of the target to the towers intersected at angles of 120° 
(Fig. 8). A triangulation base line was measured between 11 You·All 11 and "Puget 
Sound", and a triangulation net was expanded from the base line to include 11 W all 
Street", the target, and identifiable points on the aerial mosaic. A coordinate grid 
system with grid lines 2.00 ft apart and extending 2000 ft on each side of the center 
of the target was laid out and marked on the ground. 

After preliminary experiments, a method of target marking using chemical dyes, 
mix,:d with water and a ntifreeze a nd sprayed on the surface of the snow was abandoned. 
Although the spray.:•d area could be seen from the air a.t a substantial distance, it was 
difficult to keep the ~pray nozzle from freezing, it was difficult to confine the fine 
spray to the target when the wind was blowing, and the colored surface soon was 
obliterated by drif~ing snow. 

The method that was chosen for target marking incorporated experience gained 
by the Royal Canadian Air.force* in search and rescue operations. It had been 
observed that a regular geometric pattern in the snow and the light and shadow color 
contrast produced by rays of the sun striking the snow at a low angle were more 

• Personal communication, Flight Lieutenant Wier, Operations Officer, F'ort Churchill, 
Manitoba, Canada. 
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effective than the use of bright colors. It had also been observed that certain types 

of fluorescent cloth worn as a hood over the shoulders of ground troops aided a pilot 

in observing troop positions on the ground. Ordinary red cloth was tested at Fort 

Churchill, but proved to be of little value because wht~n viewed from a mile or so it 

appears black «:1."'ld blends with the trees. Fluorescent pink cloth, on the other hand, 

appe rs much the same at a distance as it does when viewed close at hand. 

A huge equilatera.l triangle (see Fig. 8) was plowed in the snow with bulldozers. 

The sides of the triangle were projected with a transit as straight lines between the 

three observation stations. The line of flight was plowed out as ::l solid path in a 

northerly direction between 11 You-All11 and the target and as a dashed line• to the south 

of "You-All". The snow was removed from four marker areas, eac}:l· ZOO ft square, 

to expose the brown• surface of the muskeg. The centers of the ma,:-ker areas were 
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1000 ft from the center of the target, and arranged so that the north and south markers 
were on the line of flight and the east and west markers were at right angles to it. 
Two circles, each the width of a bulldozer blade, were plowed-out around the center 
of the target, one 100 ft in diameter, the other 600 ft in diameter. Lanes then were 
plowed between the marker areas and the outer circle to form a huge cross. To 
complete the bulls-eye, a fluorescent pink target cloth, 20 ft in diameter, was µinned 
down over the exact target center before each day's bombing. The target was visible 
for more than 2.5 miles. 

Bombs tested 

The following types of projectiles were tested: 

~ 
81 MM -T2.8E7 Shell 

105 MM ·T53EZ Shell 
l 00 GP -ANM30Al Bomb 
Z50 GP -ANM57Al Bomb 
ZOO GP ·ANM64 Bomb 
500 SAP -ANM58Al Bomb 

l 000 SAP -ANM59A l Bomb 
l 000 AP -ANMMK33 Bomb 
1600 AP -ANMKl Bomb 

Total 

Number 

l 2. 
10 
4 

l Z 
6 

l Z 
1 Z 
6 
6 

80 

Photographs of each type of bomb and fin assembly, and a cross section of each 
are presented in the Appendix, Fig. A-1 to A-9. Certain characteristics and dimen­
sions of the bombs are summarized in Table I. 

The inert bombs and mortar shells were assembled at the U. S. Engineer mainte • 
nance shop at South Camp. A mixture of sand and sawdust, of such proportions as to 
have the same density as TNT, was used for filler. The bombs and fins were delivered 
separately to the hangar at Fort Churchill in the sequence in which the bombs were to 
be dropped. The fins were attached just prior to hoisting the bombs into the bombing 
racks of the aircraft. Mortar shells were dropped by hand th.rough the flare tube 
rather than being r .. ileased from the bombing racks. 

Table I. Bomb characteristics and nominal dimensions 

Avg wt Diam Sectional Section Caliber Slenderness Type 
(lb) (in. ) pressure density radius 

ratio 4W /rrd2 W /d3 head 
81 mm 11. 0 3. 18 l. 38 0.342 z. 83 3.89 

105 mm Z6.6 4. l l 2.00 0.383 4,83 5.32 
100 GP 103.0 8.00 2.05 0. 201 l. 2.6 3.56 
250 GP 2.39.0 10. 75 2.63 o. 192. 0. 81 3.29 
500 GP 468.5 14.00 3.04 0. 171 l. 26 3.24 
500 SAP 527.0 11. 75 4.86 0.32.5 l. 50 3.86 

l 000 SAP 991.Z 15.09 5. 54 0.2.88 1. 50 3.70 
1000 AP 1015.3 lZ.00 8.98 0.588 z.oo 4.83 
1600 AP l 523. 0 14.00 9.89 0.555 Z.00 4.80 

I' 
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PROCEDURE 

Bombing procedure 

After making sure that the target was ready for bombing, that the area was clear, 
that ground communications were in operating condition, that all safety precautions 
had been complied with, and aiter the bombing p ro.gram for the day had been reviewed, 
members of the ground observation crews were transported by oversnow vehicle to 
their respective stations. Thti ground crew consiued of: 

l) ground control officer 
z
3

) range safety officer 
) air-to-ground communications officer 

4) ground communications coordinator 
5
6

) plotting table operator 
) motion pie ture operator and assistant 

7) vehicle operators for each of two road blocks 

9
8) transit operator and observer at each tower 

) rover vehicle two-man crew. 

The captain of the aircraft was advised by. telephone that the ground .crew was 
ready, and he in turn notified the ground control officer of the time of take-of£ from 
the Fort Churchill airport. Air-to-ground radio communications were established 
while the bomber was climbing to bombing altitude. After radio request from tht; 
aircraft and approval from the ground control officer, clearance was given for a 
dummy run or for a live run over the target. Conversations between the ground 
control officer, the air-to-ground communications officer, and the bombing crew on 
a live run were relayed to the various ground observation stations by field telephone. 
Work of the motion picture camera operator and the transit operators was synchro­
nized by the signal "bombs gone" which was given by the bombardier at the instant 
of release. Separate bombing runs were made for each bomb ctrop. 

Approximate bearings from each of the observation staticms to the point of impact 
were plotted on the plotting board, and the approximate coordinates of impact then 
were given by radio to the rover vehicle crew. The rover crew placed a flag in the 
c enter of the crater and radioed information to the ground control officer concerning 
the results of impact upon the bomb or upon the frozen ground. Final bea.rings then 
we re taken to the flag from the observation stations, the results plotted, and the 
range and drift error reported to the crew of the aircraft. After marking the crater 
with a sign containing the bomb number, the rover vehicle crew returned to its base 
at the ground control center. The crew of the aircraft then was advised that the 
target was clear for the next run. 

Because of the many different activities performed by the ground crew and the 
difficulty of moving heavy equipment into and out of the target area during the progress 
of the tests, it was found necessary to leave most of the bombs in the ground until all 
of the bombs had been dropped. Craters were observed promptly after each day's 
bombing in search for information that might affect the conduct of the tests. 

Plan of tests 

Although previous tests (Livingston and Smith, 195 \) show that considerable var­
iation in penetration of a given type of bomb from a given altitude occurs, it was more 
advantageous to drop bombs from several altitudes than to drop several bombs of a 
given type from the same altitude. Accordingly, the plan followed in the tests was to 
cover as wide a range of impact energy as possible with each type of bomb. Drops 
with each type of bomb covered a range of altitudes of release from an altitude at which 
ricochet occurs to an altitude approaching that at which the terminal velocity of the 
projectile is reached, or to the maximum operational altitude of a B-lS Mitchell air­
craft. Mortar shells and general-purpose, semi-armor-piercing, and armor-piercing 
bombs were dropped. Thus, it was possible to observe the effect of varying the bomb 
diameter from 3. 18 inches to 15. 09 inches and of varying the bomb weight from 1 O 
pounds to 1600 pounds. It was possible also to compare penetration and path shapes of 
the different shapes of bombs in a given medium. 
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Figure 9. Altitude of release vs impact energy. 

Figure 9 shows the relations between 
impact energy and altitude of release for 
a target I 00 ft above sea level and for 
each of the types of projectiles used in 
the tests. The curves are based upon 
release of bombs from aircraft in hori­
zontal fli.ght at a ground speed of 250 
mph. As the ground speed of the air­
craft at the instant of release usually 
was less than 250 mph, the points are to 
the left of the curves. 

Casing damage 

Although general-purpose bombs are 
designed for airburst rather than for 
penetration, three of the small sizes of 
general-purpose bombs were included in 
the tests, as semi - armor-piercing bombs 
smaller than 500 lb were not available. 
The effect of impact upon the casing of 
2000 GP bombs striking a rock surface 
was known from the New Mexico tests 

Figure I 0. Damage to casing of I 00 GP 
bomb released 4 750 ft above the target. 

(Livingston and Smith, 1951, p. l 05-110), and it was assumed that damage to the casing 
would vary inversely as the diameter, other factors remaining constant. The small 
general-purpose bombs proved to be stronger than the 2.000 GP bomb, but the smallest 
of the three small general-purpose bombs unexpectedly proved to be the weakest. As 
shown in Figure l 0, the casing of the l 00 GP bomb is dented near the rear of the bomb 
body. Three other bombs of the same type were dropped from slightly higher altitudes 
and the same type of denting occurred. Some were damaged at the nose, others at 
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Figure 11. A sharp nose was substituted 
for the nose plug on several of the 

general-purpose bombs. 

- '!"'"'- ~ '" '"'""_,.,,,~#"" "' ,_ l 

·~.,,,,. · t'. ~ --
. .- . 
\ i , , ; ,; ii. \, ·1 

I•• • • ,, 

.-:1.::!.: .. !L~tL::.l!.~. r • ... 

Figure 12. Rupture of casing of 105-mm 
shell after striking a granite.. boulder 

in frozen glacial till. 

the tail, but the amount of denting did not diffe r greatly. The tests of the 100 GP 
bombs we r e not extended to altitudes above 7200 ft because it was obvious that the 
casing was about to rupture. 

A flat nose plug such as was supplied is undesir able. It was discovered that the 
force of impact was sufficient to strip the threads, bend the shoulder, and push the 
nose plug inside the casing of the 500 GP bomb. Except for the nose plug, the casings 
of the 2.50 GP bombs were not damaged. A sha rp nose (Fig. 11) was substituted for 
the nos e plug on half of the 2.50 GP bombs dropped. The sharp nose plug did not fail, 
but neithe r did it increase the depth of penetration. 

The al uminum nose that is standard for the two types of morta.r shells was 
replaced before the tests with steel noses. After being used on the mortar shells, 
several of the steel noses were salvaged to replace nose plugs on the 500 GP bombs. 

Casings of the semi-armor-piercing and armor-piercing b.:>mbs dropped were 
not damaged. Only one of the mortar shells was damaged. In this instance, a 105-
mm mor tar shell released from 62.50 ft above the target penetrated through the layer 
of frozen peat, struck a granite boulder in the glacial till, and ruptured (Fig. 12). 
Inasmuch as none of the other mortar shells struck boulders and none ruptured, even 
though some were released from much higher altitudes, it is concluded that casing 
damage depends not only upon the design of the projectile but also upon both the energy 
of impact and the nature of the targe t material. Boulders embedded in the frozen 
glacial till offer greater resistance to penetration of small projectiles than does the 
matrix of the till. 

Although m e tals are known to be brittle at low tempe ratures and although temper­
atures as low as -45F we r e recorded at bombing altitude, there is little reason to 
a ssume that the c a sing of bombs designe d for penetrating a specific target in a warmer 
climate should be redesigned for bombing the same type of target in the arctic. 

Accuracy of bombs 

Figure 13 shows points of impac t of the bombs relative to the target, including 
the 81-mm and 105-mm shells. The shells were dropped by hand from the flare chute 
u.pon a verbal signal from the bombardier. Thus no attempt is made to compare their 
accuracy with that of the bombs. 

Eliminating the 81-mm and 105-mm shells, 95% of the bombs fell within a circle 
of l 500-f t radius, 68% fell within a circle of 760-!t radius, 1 7% fell within a circle of 
300-ft radius . The maximum error was 3248 ft, the minimum error 58 ft, the mean 

error 816 ft, and the median error 588 ft. The percentages are based upon a to tal 
of 58 bombs. 

.--
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98 • 

250 lb. GP 

\

( 3124' 
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~ center> 

~lb. SAP 

27 
• 

10001b. AP 

32 • 

~4 • 
20 C 3248' fr 

c:.nttr) 

~lb. GP 

1000 lb. SAP 

1600 lb. AP 

Figure 14. Impact pattern•, GP, SAP, and AP bomb•. 
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Figure 14 shows impact patterns by bomb type, eliminating the l 00 GP bombs 
(only 4 were dropped). The number of bombs of each type is too small to dra.w final 
conclusions but the trend of the comparative accuracy is indicated (Table 11). 

Table 11. Relative bombing accuracy. 

Bomb type Relative error• (ft) 

1000 AP 318 
1600 AP 339 

250 GP 348 
500 SAP 388 

l O O SAP 416 
100 GP 420 
500 GP 762. 

• Adjusted to 5780-ft altitude of release. 

The relative error increased in the same order as the ballistic coe!!icientt 
decreases. As the order of decreasing ballistic coeeficient is consistent for all 
seven types of bombs, the data suggest that bombing accuracy, among other consider­
ations, is dependent upon the ballistic coefficient. 

Crater mapping and excavation 

The first step in recovering a bomb was to clear the snow from the area surround­
ing the crater with a bulldozer. Loose "rock" then was removed, using a pick and 
shovel (Fig. 15) or a clamsnell (Fig. 16), depending upon the quantity to be removed. 
If the bomb had not "tunneled" to the extent where blasting was necessary, it was 
completely uncovered, but left in position. 1£ the bomb had tunneled (.Fig. 17), the 
crater was clea.ned, and as much materal as possible was removed to reveal the path 
of the bomb. 

Considerable difficulty was experienced in the early stages of excavation of 
bombs that were deeply buried. The first procedure tried was to drill with a jack­
hammer of a wagon drill mounted on an adjustable boom, then load the drill holes 
with explosives and blast to form a shaft of such size as to permit mucking with the 
clamshell. In spite of the considerable experience obtained at South Camp the 
previous year, and the fact tha special types of bits had been developed for drilling 
in frozen ground, the gla.cial till below the bombing range proved to be nearly im­
possible to drill with a rock drill to depths greater than 4 ft. The rate of penetration 
was so slow that repeated impact of the bit caused the frozen ground to melt and plug 
the drill steel. It is assumed that the difficulty was due to the greater percentage of 
either clay size or colloidal particles. Difficulty increased with the depth of hole 
because of inability to remove the cuttings before melting. So much trouble was 
experienced with stuck steel that it seldom was attempted to drill a hole deeper than 
2 ft. The shallow depth of ground made clamshell mucking impractical because only 
a few buckets of soil were broken when the round was fired. 

The method Wr\S abandoned because of the slow rate of progress. It was found 
that the tunnel made by the bomb could be cleaned out using a post-hole digger and 
a homemade "spoon". An explosive charge of weight calculated from the depth of 
the charge using the data of the Fort Churchill blast tests (Livingston and Murphy, 
1959}, was placed directly in the tunnel as deep as possible. The effect of the blast 
is similar to that of a crater blast in a borehole, except that the form of the resulting 
crater is modified somewhat by the form of the crater produced by impact of the bomb. 
Material loosened by the blast was excavated with a clamshell, and the proceu re­
peated until the tail of the bomb was exp~sed. The rest of the excavation was completed 
using a few well-placed drill holes (Fig. 18). 

t See Terminology, app B. 
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Figure 19. Craters were mapped in plan 
after establishing the line of Hight 

on the ground. 
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Figure 2.0. Cross-sections of the craters 
were measured parallel to and at right 

angles to the line of flight. 

A line parallel to the line of flight, or 11 track", of the aircraft was established on 
the ground at each point of impact. The crater was mapped in plan (Fig. 19) and cross· 
section (Fig. 2.0). Two cross-sections were measured--one parallel to the line-of­
flight, the other at right angles to it. Severa! cross-sections were necessary to record 
the path of a bomb that penetrated deeply, and were taken at successive stages as 
excavation proceeded. 

Bomb path and crater cross-sections: From the c r ater cross-sections and 
the final resting position of the bomb, the bomb path was reconstructed with the aid 
of a template so as to agree with the striking angle as obtained from bombing tables. 
As craters had been mapped in the field both in plan and cross-section and a bomb 
might deviate either to the right or to th~ left of the line of Hight, it usually was 
necessary first to construct the bomb pa'th on a warped section. The warped section 
then was used to determine the true length of the bomb path' and to obtain the various 
crater measurements (Fig. 2.1}. 

The crater radius R was calculated from the crater area as measured with a 
planimeter, assuming the crater outline to be circular. 

The volume of crater V was calculated using the true rather than the apparent 
crater. Cross-sections AB and CD as measured in the field were redrawn to scale 
on stiff paper and cut along the center line to form four templates. The centroid of 
each half area was determined. The volume of revolution of each half area was 
calculated using the equation 

where 

VB is volume of revolution of ½ area (area B) 

R is centroid radius 

AB2. is area of½ crater cross-section (area B). 

The crater volume equals one-fourth of the sum of the four volumes of revolution, 
VA' VB' V C' and v0 • 
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MUSKEG 

PERMAFROST 

CROSS SECTION 
VIEW 

EB Point of impact 

@ Point of maKimum penetration of nose 

-+ Final nose position 
PLAN VIEW 

- Poth of bomb nose 

NSN Normal thickness of snow 

Ns Normal thickness of muskeo to maximum penetration 

N,. Normal thickness of permofros1 to mo•imum penetration 

Nr NormC'' thickness of muskeg and permafrost -_---+•-L:9,F. ~~I , ¾ -

to maximum penetration 

Ps Total path length in muskeg along ore ~ .. -¥-
Ps, Poth length in muskeo along ore on initol penetration 1 

P11,. Poth length in permafrost along ore 

to maximum penetration 

Pn1 Poth l~ngth in muskeg ond permof rost 

olono ore to maximum penetration 

p Total path length olong ore 

I a Inclined distance In muskeg to maximum 

penetration along line of impact 

1,. Inclined distance in permafrost to 

maximum penetration along line of impact 

Z Horizontal deviation from line d flight to maximum 

penetration 

z, Horizontal deviation, maKimum penetration to final 

position 

LH Angle of horizontal deviation from line d flight 

Ir Inclined diatonce in muskeg and permafrost to maximum penetration along line of impact 

IN Normal distance from Hne of impact to bomb nose at maximum penetration 

XM Totol horizontal displacement in muskeg and permafrost of nose to ma•imum penetration 

XH Horizon!ol displacement <J nose from moxirrum penetration to final position 

X Horizontal displacement, in permafrost, of nose at mo11imum penetration 

Yu Vertical displacement of nose from maximum penetration to final position 

L V An le of deviation at maKimum enetrotion from line of im a t 

Figure ll. Crater measurements . 
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Data sheets: The data for each type of bomb are summarized in the appendix 
(Al0-37). Ballistic da.ta were derived from bombing tables and from charts furnished 
by Abe rdeen Proving Ground. Bomb path and crater measurements (see Fig. 2.1) 
were compiled from va.rious plans, cross-sections, and warped sections. The 
informa tion, upon which the analysis is based, is arranged by bomb type in order o! 
increasing weight and increasing altitude of release. 

ANALYSIS OF CRATER MEASUREMENTS 

Field analysis 

It appeared from· field observation before excavation that the crater diameter 
reached a maximum, then decreased with a further increase in striking velocity. 
The field relations suggested that ricochet was not a simple £unction of striking angle, 
but depended alao upon impact energy, The field relation• allo indicated that, upon 
impact, the frozen ground behaved as if either in a brittle state or in a plastic state, 
and that the behavior dc,Jended both upon the type of bomb and the striking velocity. 
It was apparent also by comparison with features observed in previous tests (Livingston 
and Smith, i 951) that pla ·, tic deformation predominates in frozen ground; whereas 
brittle-state failure predominates in rocks such as granite and sandstone. It was 
evident that all of the various types of bombs were capable of penetration by plastic 
deformation, but that plastic defo'rmation was exhibited to a greater degree by some 
types than by others. 

The measurements fall into two classes, l) those that record the shape of the 
path of the bomb through the frozen ground, and 2.) those that record the shape o.f the 
crater. The first has an analogy in the field of ballistics. The second has an analogy 
in the study of craters produced by explosions, 

Because striking velocity appears as a parameter in most penetration formulas, 
both types of crater measurements first are compared at various striking velocities. 
For a given type of bomb, the angle of fall increases with striking velocity, 

It is not intended that the straight lines in the diagrams that follow should serve 
other than to aid in presenting the field d ,,,.ta. 

Crater dimensions vs striking velocity: . 
Figures 2.2. and 2.3 show how the radius and depth of craters in frozen Churchill 

till vary with striking velocity, The diagrams are arranged in order o! increasing 
bomb weight, 

Lines hav~ been placed on the figures tentatively to indicate that a linear relation 
may exist, 

Because of the dispersion, lines have been omitted from the diagrams for the 
1000 SAP and the 1 000AP bomb in Figure 2.2.. 

Inspection of 1,he othE:r seven tentatively shows that: 

l) the slope of the line differs for each type of bomb; 

2.) the radius of crater increases with striking velocity, but the ~ncrease is very 
light for the smallt:r bombs; 

3) at a given striking velocicy the radius of crater increases with the weight of 
the bomb; 

4) for a given nominal weight of bomb (e.g., 500 GP and 500 SAP) and for a given 
striking vel.:icity, the radius of crater differs for bombs of difforent types. 

The slignt increase in crater radius with increase in striking velocity for the 81-
mm and l 05-mm mortar shells can be explained, perhaps, by the greater resistanct! 
to penetration of the glacial till than of the overlying peat. Most of the energy at 
impact of the smaller shells is used in penetrating the vegetable layer. This is true 
also for the 100 GP bombs; an additional factor is ·that the c;asing of the l 00 GP 
bombs deform,:d, which further increases the resistance to penetrations. It seemed 
futile to attempt drops at greater striking velocities with th1! 100 GP bomb. 
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''Crater depth 11 (Fig. 2.3) was measured vertically from the surface to the bottom 

of the crater, but does not include the 11 tunnel" that the bomb forms in the frozen 

ground by plastic deformation. The depth of crater is the true depth as contrasted 

with the "apparent" depth. Both the depth measurement and the area measurement 

from which the crater radius is computed were obtained after all material loosened 

by the impact had been removed. 

The four observations stated concerning the relations between crater radius and 

striking velocity appear to apply also to the relations between crater depth and 

striking velocity. 

Figure 24 shows the relation between crater volume ; nd striking velocity. As 

both crater depth and crater radius appear to increase with striking velocity, it 

would be inconsistent i! crater volume did not increase also. Lines have been 

placed on six of the diagrams to indicate a linear trend of the data, but it should be 

recognized that if a linear relation between striking velocity and crater radius and 

crater depth holds, then a linear relation between striking velocity and crater volume 

is impossible. It is not intended that great significance be attached at this stage to 

the position of the lines. Neither is it intended to imply that the relations between 

radius, depth, volume, and striking velocity may not be other than linear. The 

relations are used as a means of presenting the data rather than, at this stage, 

arriving at a conclusion. 

Most penetration formulas have evolved from Poncelet' s attempt to derive a 

formula starting from Newton's second law (see Livingston and Smith, 1951, p. 2.07). 

Poncelet considered the resistance to penetration to depend both upon the strength of 

the material and upon the inertia of the material removed from the z;one of penetration. 

Later formulas, such as the r'etry formula, the "old" NDRC formula, the 11 new11 

NDRC formula, and the RRL formula evolved primarily from penetration studies in 

soils, which indicated that penetration depends not only upon striking velocity but also 

upon other parameters. The relations presented in preceding paragraphs also suggest 

that parameters other than striking velocity should be considered. 

Path length and normal penetration vs striking velocity 

Path length and normal penetration record the final position of a projectile in 

the medium. Just as the trajectory of a projectile in air is determined by the forces 

acting upon it, so is the trajectory of a projectile- in the medium after impact. Using 

models of armor-piercing, semi-armor-piercing, and general-purpose bombs and 

a gelatin model material, it was demonstrated (Livingston and Smith, 1951, p. 

155-168, 2.05-2.06) using photoelastic methods that the path of a projectile depends 

upon the stress distribution in the medium at various stages of penetration, and that 

the stress distribution is influenced by the impact energy, the shape of the nose of 

the bomb, the slenderness ratio of the bomb, and the angle of impact. 

All measurements are referred to the nose of the projectile, on the premise 

that penetration occurs as a result of failure of the medium rather than that failure 

of the medium occurs as a result of penetration. After observing the manner of 

failure of frozen ground during the tests, it is evident that failure is accomplished by 

both brittle-state fracture and plastic deformation in varying proportions. Referring 

path measurements to the nose, where the energy is imparted to the medium, 

emphasizes the behavior of the medium rather than the force system that acts through 

the center of gravity of the projectile. 

The term "path length" is used here primarily to designate the length of the path 

from impact to the point of maximum normal penetration (PTM of Fig. 2.1 ), rather 

than the total length of the path. Thus, path length is an inclined measurement along 

a curved path, and normal penetration, NT, is a measurement normal to the surface; 

both measurements are taken to the same point. As the surface of the Fort Chui-chill 

bombing range is level, a measurement normal to· the surface is also a vertical 

measurement. 

The distinction between this use of "path length" and the usual usage is of sig­

nificance only for bombs that ricochet or, after impact, assume an upward direction 
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towards the sur.face. If the bomb ricochets, only a part of the energy of the impact 

is partitioned to th'! medium. If the bomb changes direction so as to parallel the 

surface or to move upward towards it, the motion of the bomb'• is influenced by the 

geometry of the pattern of fai1.ure. If motion continues, the re:!sistance to penetration 

is less than if the material had not fractured previously. 

Figures Z5 and 26 show the relation of path length and normal penetration to 

striking velocity. The lines on the diagram are intended to sugge"lt that a linear 

relation is not inconsistent with the field data. 
I 

Path shape, tunneling, and crater shape 

The underground trajectory of bombs is generally described as J-shaped. The 

curvature of the path is such as to bring the bomb closer to the surface. The path of 

the bomb may aao •werve eltl\e1r to the right or to the left, resulting in conaiderable 

lateral off set from the line of flight. Variables that influence the shape of the path in 

the medium (see Livingston and Smith, 1951, p. 91, 104,123, 2.05, 2.06) are: 

; ) diameter of the bomb 
... ) shape of the nose 
3) slenderness ratio 
4 ) energy of impact 
5) striking angle 
6) type of medium 
7
8

) shape of the target 
) attitude of pre-existing planes of weakness. 

The first five of these factors are dependent upon the projectile, the last three are 

dependent upon the medium. The number of variables that influence the shape of the 

underground trajectory is large, but they may be reduced to the relative magnitudes of 

l) the component of stress in the medium acting upon the bomb parallel to the trajectory 

and Z) the component of stress at right angles to the trajectory. 

Figure 27 illustrates typical variations in the shape of the underground trajectory 

and variations in crater shape as the altitude of release is increased. The size of the 

crater increases to a maximum, then decreases, and the curvature of the path de­

c r eases. As the impact energy increases, a point eventually is reached where tunnel­

ing begins. Although variation in path shape and crater shape depends also upon the 

type of bomb, the relations shown in the figure are typical and suggest that the size 

of the crater and the underground trajectory are related, and that changes in one are 

accompanied by changes in the other. 

The effect of a bomb striking frozen ground is similar to that of a bomb striking 

rock. A theory of rock failure was stated and the relation between the attitude of 

planes of failure and the directions of principal stress in the medium were described 

in the report of the Bomb Penetration Project (Livingston and Smith, 1951, p. 177-194). 

Although tunneling is less predominant in rocks than in frozen ground, it nevertheless 

occurs. Inasmuch as tunneling is a phenomenon of plastic deformation it now is 

evident that the proportions of br i ttle fracture and of plastic deformation are variable. 

The Fort Churchill tests provide a means of observing the effects of plastic deforma­

tion to a degree beyond that possible in substances that fail predominantly by brittle­

state fracture. At the same time it is possible to observe a range of failure that is 

due predominantly to brittle-state fracture (as illustrattd by the path and crater shape 

of bomb 8) and to observe the transition from brittle-state fracture to plastic deforma­

tion (as illustrated by the paths and shapes of craters of bombs 7 and 11 ). 

Path length an.d normal penetration vs impact energy 

The linear relations between crater depth, normal penetration, path length, and 

striking velocity (Fig. 23-26} need not be ignored completely, but it is evident, that 

parameters other than striking velocity must be considered. Measurements that 

record the shape of the path of the bomb and the shape of the crater might be plotted 

against momentum, mV 1 or against impact energy, ½mV2 • In either instance, 

striking velocity is taken into consideration. 
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BOMB 8 BOMB 7 BOMB 11 

- Final nose posllion 

ED Point of impod 

@ Moxim.im penetration of nose 
Scolt r • 3' 

Figure 2.7. Comparison of craters produced 
with change of impact energy . 

1.7 

It seems desirable as a first step to consider the energy r elations, as the type of 
failure changes and the evidence suggests that the variation in path shap,1 and c r ater 
shape may depe nd upon the manner in which energy is part i tioned to the medium, 
rather than, as assumed by Poncelet, upon Newton's second law. 

The underground trajectory of a bomb is influenced by the mass of the bomb, the 
striking velocity, the diameter, the shape of the nose of the bomb, the slenderness 
ratio of the bomb, the angle of impact, and the type of material. A certain degree of 
geom e tric similarity exists among various sizes of bombs of the same type, but the 
variation in nose shape and slenderness ratio (Table I) of the bombs dropped at Fort 
Churchill is such that each size bomb will be treated as a different type at first. 
Although the surface of the Fort Churchill bombing range is level, the striking angle 
varies, depending upon the altitud-? of release. Variation in striking angle influences 
the length of the bomb path (PTM) to a lesser degree than it influences normal pene-
tration (NT). 

Figure 2.8 summarizes the relation between path length and impact energy. 
Curves have been drawn as a means of comparing the path length of each of the vari­
ous types of bombs. 

In Figure 2.9, normal penetration is compared to the impact energy times the 
sine of the striking angle. The relations are not straight lines on log-log paper, but 
curves. Comparison of the diagrams shows that the behavior of each type of bomb 
differs and that the curves for the various types of bombs may differ somewhat. 

ANALYSIS OF PENETRATION 
Corre lation diagrams 

The general equation (Livingston and ·Murphy, 1959) that expresses the model law 
for explosions is 

l ( ) Model !aw de :: ~E :Jw 1 for explosions 

where 
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d is depth of c enter of g ravity of the explosives charge (ft) 
C 

~ is depth ratio 

E is stra.in-energy factor 

w is weight of explosives (lb). 

The model law can be viewed as expressing a relation between the energy of the 
explosion and the mass through which the energy is propagated. This relation de­
termines the type and severity of damage. The energ.y of an explosive is proportional 
to its weight and is determined by its chemical composition. Impact and explosion 
are both energy sources. The ene r gy of impact of a projectile de termines the type 
and severity of damage to the medium. If the behavior of the medium depends upon 
the relation beiween ma&& and @n @TlilY, then pe rhaps the only fundamental difference 
between impact and explosion may be the manner in which the energy is partltl.oned 
to the medium. 

The depth ratio ~ has be en demons trated to be a valid parameter to which 
energy partitioning may be refe rred {Livingston and Murphy, l 959). A ratio of 
volumes, masses, or of energy leve ls could be used as a parameter instead. In any 
event, at a give n depth ratio, the medium exhibits a definite behavior which may be 
measured in various terms sue~ as fracture, fragn,entation, shock, gas-bubble 
expansion, crater dimensions, velocity, acceleration, displacement, or fly-rock 
travel. The standard depth, volume, mass, or energy level has been chosen arbi­
trarily as that at which the energy of the explosion is dissipated into the mass of 
earth or rock without damaging the surface above the charge by brittle-state fracture. 
The critical depth is the standard of reference to which the depth ratio is referred, 
and it can be measured in the field with little difficulty. 

The strain-energy factor E is a measure of the energy absorption capacity of 
the medium. It depends both u"°pon the manner in which the •energy is delivered from 
its source and upon the ability of the medium to propagate the energy outwardly. It 
expresses changes in the medium with increased lateral confinement. It also expresses 
the .,·elative elastic or plastic behavior of the mediuw at various stress ranges. 

I! the model law for explosions expresses a fundamental relation between energy 
and the mass through which the energy is propagated, it should be valid both for impact 
and for exp ,sion. It is necessary, however, to define a new standard energy level 
for impact, because the projectile is in motion, whereas the explosive charge is at 
rest. It is desirable to choose a reference at which a specific event occurs with the 
sharpest possible transition between energy levels. 

The reference chosen here is the depth at which tunr.eling begins. The criterion 
established to describe this deoth is that the medium be sufficiently deformed by 
plastic deformation to completely encase the nose of the bomb. This depth, measured 
normal to the surface of the medium to the point of the nose of the bomb, is the 
"transition depth" and the standard depth, volume, mass, or energy level that defines 
the behavior of frozen ground subjected to impact is based upon this transition depth. 
The ratio of depths, volumes, masses, or energy levels between the situation observed 
and the situation at the trans i tion depth is the "transition ratio' ' . 

Rewriting the model law for explosions using analogous terms, we may postulate 
a model law for impact of the form 

3 
y = Tm~ 

where 

(2) 
Model law 
for impact 
(postulated) 

y is the vertical distance, ft, from the surface of the frozen ground to the 
nose of the bomb 

'T is the transition ratio 

m is the materials factor 

I is impact energy, ft-lb . 
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In Figure 30, penetration NT is plotted on log-log paper against impact e:nergy l· 
As N (s ee Fig. 2.l) is a vertical distance at maximum penetration, it is analogous to 

T l 
y_ in eq 2.. At any given value of Tm, the eq uation NT = Tm :Jr' is a straight line of 

slope l in 3 on log-log paper. 

All bombs and shells dropped during the tests are plotted by bomb number on the 
correlation diagram, using values of NT and l from the data sheets. 

The depth at which tunneling begins was obtained from th e crater cross-sections 
by interpolation between increments of flltitude of successive bomb drops. The 
:resulting transition depth was plotted on the correlation diagram against the interpo­
lated numerical value of impact energy. 

Livingston (1956, p. 1-11) has demonstrated that various rangea of 1lmilar be• 

havior in cratering occur as a result of energy transfer in blasting. Penetration may 
be similarly classified utilizing similar principles. The offset lines of Fig. 30 that 
separate the tunn e ling range from the cratering range were drawn using successively 
the transition depths of the 81-mm shell, the 105-mm shell, the group of GP and SAP 
bombs except the 500 SAP, and the group of AP bombs plus the 500 SAP bomb. Equa­
tions of the lines were computed at T equals l. 0 assuming m to remain constant for 
a limited range of impact energy. -

Th(: procedure may also be used to obtain an equation separating projectiles that 
ha ve produced craters by brittle-sta te failure from projectiles that ha.ve ricocheted . 
Because of the limited number of bomb drops, the ricochet limit for the mortar 
shells and small bombs cannot be established with high accuracy. Moreover a differ­
ence of one-tenth foot in normal penetration produces a substantial difference in the 
numerical value of the p oduct Tm at low values of impact energy I. Accordingl y, the 
Emit between the cratering range and ricochet range is established here with reason­
able accuracy for the large bombs, but with lesser accuracy for the mortar shells and 
small bombs. 

It is apparent by inspection of the correlation diagram that the postulated model 
law upon which the diagram is based has a reasonable degree of merit. However, 
before further investigating model relations postulated upon the manner in which 
energy is partitioned to the medium in the tunneling range, the cratering range, and 
the ricochet range, let us review penetration formulas derived from Poncelet's 
original concepts. 

Revi ew of pe ne tration formulas 

The Petry formula is a modification of the Poncelet formula, which was derived 
using J\' ewton 1 s second law, assuming the resistance to penetration to be jointly 
proportional to the strength of the material and the inertia of the material removed 
from the zone of penetration. Petry assumed that the material.ii £actor of Poncelet's 
formula was a constant for a given material. The Petry formula is 

where 

yz 
X = kP loglo (1 + 2.15, 000) 

X is total path length, ft 

k is a constant depending on the material 

Petry 
formula 

P is a sectional pressure (weight, lb, divided by maximum c rose ·sectional 
area, in2) 

Vis striking velocity, ft/sec. 

The curves of Figure 31 were calculated from the Petry formula using k = 2.. 2.; 
k was calculated using values of X, P, and V for 500 SAP and l 000 SAP bombs obtained 
in Fort Churchill tests . - - -
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In ge ne ral, the agreement with field data is better for the small than for the large 

bombs. For all practical purposes, the agreement is so close for the shells, general­

purpose bombs, and the semi-armor-piercing bombs tha t use of the Petry formula is 

justified. But the formula is at variance with the fi eld data for the armor-piercing 

bombs. At low velocities the result is too high, and at high velocities the result is 

too low. 

As the same value of k gave the best agreement throughout, and the agreement 

for the shells is as ~ood as for the general-purpose and semi-armor-piercing bombs, 

it would appear that the materials factor, k, for frozen peat is the same as for frozen 

glacial till. This is inconsistent with the equations presented in the correlation dia­

gram (Fii:;. 30). 

The modified Petry formula is written in the form, 

where 

X = KPS 
ModUied Petry formula 

X is total path length 

P is sectional pressure 

K is a constant depending upon the nature of the material 

S is a constant depending upon the striking velocity Y.. 

Laboratory tests (Livingston and Smith, 1951, p. 114-118} in which Kand V were 

held constant demonstrate that path length in a given medium and at a given striking 

velocity is not directly proportional to sectional pressure. However, the formula 

may be interpreted somewhat differently than the modified Petry formula. Inasmuch 

as 

w 
P = o. 78SdZ 

it may be considered that penetration varies directly as impact energy and approxi­

mately inversely as the square of the diameter of the projectile. 

The "old NDRC 11 formula and the "new NDRC" formula were derived as a result 

of penetration tests on concrete. 

The "old NDRO' formula is 

where 

2.2.2.P ·do. 21sy1. s 
y = y + 0. 5d 

y is normal penetration (in. } 

P is sectional pressure (lb/in2) 

d is bomb diameter (in.} 

Vis velocity in units of 1000 ft/sec 

Old NDRC formula 

Y is a materials factor and is equal to the square root of the compressive 

strength of the material. 

As the sectional prt:ssure f appears in the numerator of the formula together 

with d0 • iis, the formula states that penetration varies inversely as dl.7'1 5 , In the 

Pet.ry formula, penetration is stated to vary inversely as the square of the diameter. 

In the Livingston penetration formula for rocks {eq 3) penetration is stated to vary 

inversely as the diameter to the first power. 

~1,1lltlnlfflfltM: 



t- L&
J 

L&
J 
~
 . z 0 ~
 

a:
 

t- ~
 

L&
J 
~
 <I. ~ a:
 

0 z . ► z 

1
0

 • • 7 6 5 4 :,
 2 

0
.1

 

0
.6

 

0
.5

 

0
.4

 

0
.)

 

TY
PE

 
81

 
M

M
 

R
IC

0
O

E
T

 
0 

C
R

A
T

E
R

IN
G

 
• 

T
l.N

-l
E

U
N

G
 

• 

L
E

G
E

N
D

 

10
5 

M
M

 
B

O
M

B
S

 

0 
• 

II
 

• 
• 

• 
~

t\
..

 
~ 

\.)
 ~
 

H
 

'i
 

■ 
71

 
~

"
 

~
■

o"
!>
O.
:;
;·
 

.
,
 .

6
 

_..
....

.. 
~ 

51
•
-
•
-
-

m
6

0
 

7
0

 
5

6
 

4
4

 4
5

 
m

 

4
:,

 4
: 

• 
•m

se
 

• 
C

l4
7 

5
5

 

\.
.,~

G
 

5
7

 4
8

 
ca 

M
11

 
•
•
 

• 
• 

• 
•• 

5
3

 

,...
 ..

. , 
G

t 
-
-
-
-

.
-
-
-
a

·
 

. 
~~
~ 

~
 

c,
 ~ p. "

'I 
E.

 ~
I
"
 G

 -
-
-
-

_
.
-
-

_
.
-
-

'/
 ,
r
 

----
~

,c
oc

\-
\t

~
 

----
~ 

2
6

&
 

2
7

 • 
1

6
 

~
r>

.~
G

t 

2
5

 
• 

2
8

 
• 

:S
7 

• 
41

6 
6

a
4

0
 

l'
f 

: 
3

2
 

2 
4 

A
 

I 
,,

o
a
 

17
 
~
 

4 

• 
• 

5 

a
2

2
 

•
3

_3
 

~--
---

-U
'~

 
.:s

, 
&

9
7

 
9

8
6

 
1

0
2

 
6

6 

1
0

0
 

• 

• 
9

2
a

 

~
r>

.~
G

t 

i 
2

3
 

2
4

 
• 

• 

1
5

 1
4

 

••
 

10
 

9 8 7 6 5 4 3 2 to
 

0
9

 
0

8
 

0
7

 

0
.6

 

0
.5

 

0
.4

 

0
-3

 

O
.~

O
I 
~

-
-
-
L

-
-
.
.
.
.
L

.
.
-

-
'-

~
-
'-

..
..

L
-.

...
...

.. -
=

-
':

-
-
-
-
-
-
-
'-

-
-
-
-
-
'-

-
~

_
_

._
_

_
_

,.
_

._
_

._
..

..
..

_
_

. _
_

_
 __

_.
..

_
_

..
.L

l
_

..
._

-=
½

-~
--

-'
-~

--
,"

:-
--

-
-
-
'
-
-
-
'
-
_

,
,
0

2
 

.0
5

 
0

.1
 

0.
.5

 
1.0

 
5.

0 
10

 

I.
 

IM
P

A
C

T
 

E
N

E
R

G
Y

, 
1

0
6 

F
T

 
L

B
 

F
ig

u
r

e 
3

0
. 

C
o

rr
e
la

ti
o

n
 d

ia
g

r
a

m
. 

td
 

0 ~
 

td
 

'tl
 

[r:
l z [r
:l .., ~ ..;

 .... 0 z ..;
 

[r:
l 

C/
1 ..;
 

C/
1 ..., 0 :;i
:, ..;
 n ::r: C
 

:;i
:, n ::r: -t"' t"
' 

()
 

>
 

z >
 

0 >
 

\,
,)

 

""
 



34 BOi B PE ETRATION TESTS, FORT CHURCHILL, CANADA 

20---------......... -- 20--------...,.......,.......,......,._,.. .... 20.----.--,---,-~.,....,P"""'""P"-. 

Simm 105mm 

15 

.... 10 10 

w w 
u. 5 -z ~ ·~ 0 

~
f 44 

.. \5 

- 49 0 .... 0 0 

<t 300 600 900 300 .;oo 900 1200 300 600 900 120 

0:: 20 20 
500•SAP .... 250 GP. 500 GP 

w 
z 15 w 
Q. 
. 

X 10 <x: 
~ r ll . 

'-.• Z2 
. 

0 5 
~

2l • 

.... '9 icio~,7 
. i 

J: 
~~N 1()2 

.... 0 0 0 
(!) 300 600 900, 300 600 900 1200 300 600 900 l200 

z 20 20 
w 

1ooo•SAP 1000• AP ,/• 1600.AP '1 
...J 

J: 15 15 

~ 
Q. 

10 ~' ¥---«>. - / ~ 

2 )),1 

~ "~\\ •.2 

5 Sf 
IS . • 

0--------........ ---~ 
300 600 9Q.O 1200 300 600 900 1200 300 600 900 1200 

::>TRIKING VELOCITY, FEET/ SEC 

Figure 31 . Obs e rved penetration compared to penetration 
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The ' ' old ND RC " formula states that penetration varies inversely as the square 
root of the compressive strength of the material. Laboratory experiments on the 
r ela tion between penetration and compressive strength and bomb penetration tests in 
g r ani te and sandstone demonstrate that penetration is unrelated to the strength of the 
material eithe r in simple tension or in simple compression (ibid., p. 118-119). 

The 11 old NDRC " formula states that penetration varies as the 1. 5 power of the 
striking velocity. The "new" NDRC formula states that penetration varies as the 1. 8 
power of the velocity. The Petry formula states that penetration varies as the square 
of the ve locity. 

The curves of Fi gure 32 show the r elation between the observed penetration and 
pene tra tion calculated using the 11 old11 NDRC formula. The va lue of the materials 
factor Y wa s obtained using the data 0£ Figure 6 in which the compre1111ive atrenath 
is 1100-psi. Figure 32. shows reasonable agreement for the shells and the general­
purpose bombs with the observed results, but dis ag reement for the semi-armo.r­
piercing and armor-piercing bombs is g reater than with the Petry formula. 

The 11 new11 NDRC formula is 

where 

Y is normal pene tration in calibers 

K is a target factor 

New NDRC formula 

N is a nose factor = 0. 72. + O. 2.Sh, where h equals caliber radius head, or 
the radius of the ogive divided by the bomb diameter 

d is the diameter of the bomb, in. 

D is sectional density of the bomb (W /d3 ) 

Vis striking velocity in units of l 000 ft / sec. 

The significant change s in the 11 new11 NDRC formula are: l) to introduce a nose 
factor that is dependent upon the calibe r radius head of the bomb nose and 2.) to 
establish the r ela t ion that pe netration depends upon the sectional density (rathe r than 
upon the sectional pressure), and varies inversely as the 2.. 8 power of the diameter 
of the bomb. From field data and values of the nose factor, the numerical value of 
K was found to vary from 4 to 11. Because of this great variation, it was impossible 
to compare the "new" NDRC penetration formula with the field results. 

The RRL formula is 

where 

K W ' V )" 
y = s:-zr ci2"" ( 1750 

y is normal pene tration, in, 

K is a target factor 

w is weigh t of bomb, lb 

d is diameter of bomb, in. 

V is striking velocity, in units of 1000 ft/ sec 

S is compressive strength of material, lb/in2 

n is l 0. 7 
s:n· 

RRL formula 

The RRL formula states that pene tration varies inversely as the square of the 
diameter. The target factor !5 includes various constants of proportionality. The 
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fi rst term of the eqnati on includes both Kand the compressive stre ngth of the ma terial, 
he~ ce may be considered to be a mate rials factor and to be constant at any stress range. 

The compressive strength of froz e n glacial till is 1100 psi; thus_!:: of the RRL 
formula equals l. 858. Accordingly, normal penetration is stated to vary as the l. 858 
power of the velocity, 

Using the field data, the average value of the target factor K was found to be 334. 
This value, when substituted in the RRL formula, yields the curves o{ Figure 33. 
Results are within practical limits of accuracy for the small bombs and at low striking 
velocities. As the striking velocity increases, the RRL formula produces penetrations 
less than observed in the field. The points above the curves, particularly for the 500 
SAP, l 000 SAP, and 1600 AP bombs, are all in the tunneling range (see Fig. 30). 

TIH1 tcmtAt1vo lin@i.u" rel0.ticm pTa&ent@d i.n Fiaure ~6 appe9T8 tg be in. better aaree· 
m e nt with the facts than the concave upward curves obtained using the RRL formula 
(Fig. 33 ), the concave downward curves obtained using the Petry formula (Fig. 31 ), 
or the concave upward curves obtained using the "old" NDRC formula (Fig. 3l). 

Although the P et ry formula, the NDRC formula, and RRL formula are sufficiently 
accurate for sma ll projec t iles and for low striking velocities, the error in estimating 
normal pene tration or pcl.th length increases as the size of the projectile increases 
or a s the str iking velocity increases. A somewhat analogous situation was found in 
bomb pe netra tion tests on granite and sandstone. Moreover, the error is greater for 
the a rmor-piercing than for other types of projectiles. Figure 30 shows that most of 
the a rmor-piercing bombs penetrated into the tunneling range. As a primary requisite 
for producing foxh..:>les in froz.en ground is that t.he projectile penetrates into the tunnel­
ing range , it is necessary to develop a penetration formula that is valid in the tunneling 
range. 

All of the formulas .inclu.de terms that express the effect of bomb diameter, 
materi als factor, and st riking v l ocity. Therefore a change of one variable in a 
given formula automatically results in a corresponding change in the othe .r variables. 
For example, i{ penetration is represented by a general formula of the form 

X = NRxdyVz 

wher e 

X is path length 

N is a combined nose factor and constant of proportionality 

R is a materials factor 

d is a projectile diameter 

V is velocity, 

~• y_, ~ are exponents of ~. ~. and Y.. respectively. Then, if the path length is constant, 
a change in y_ automatically results in a change in~ or~• or in both! and ~- It is 
necessary that the difference in effects of each o{ the three variables of the various 
penetration formulas be reconciled if penetra.tion is to be placed upon a fundamental 
rath\.!r tha n an empirica.l basis . 

P e ne tra tion of bombs in rock 

Review of penetration formulas and comparison with the results o{ field and 
laboratory work done in the Bomb Penetration Project {Livingston and Smith, 1951) 
indicated that the formulas were inapplicable to granite and sandstone. The Livingston 
penetration formula was developed : 

N p = R-Q 
d 

where 

(3) 
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P • s nose penetration, ft 
R i s a r ock facto r, a term whi ch states that pen e tration varies inversely as the lat ral component of stress induced in the medi:um as a result of the axially a pplied stress 

N is a nose factor 

cl is the diameter of the bomb, ft 
Q is a term that is de termined empirically and is related both to impact energy and increased resistance to pe netration at depth. 
Although the Livingston pen e tration formula was derived from penetration tests on rocks, it is believed to be applicable also to concrete and other structural materials that exhibit prodominnntly brittle-state failur0, Th0 ivingaton pen.etration formu a differs from earlier formulas in that penetration is not considered to be primarily dependent upon either the sectional density or the section pressure of the projectile. Instead of assigni ng different constan ts to each of various types of materials, Livingston appl ie s a rock factor that is a variable ratht~r than a constant. The rock factor is referred to a prototype rock, Dakota sandstone, and is stated in terms of Poisson's ratio m of the material in which penetration is to be measured, rather than in terms of physR:al properties such s the tensile, compressive, or shear strength. Becaus e Poisson's ratio is not a constant but varies both with stress range and with the degree of lateral confinem e nt, the rock factor is a variable: 

m ( l -m ) 
R - s X 

- m ( l -m ) 
X S 

where 

m is Poisson's ratio of Dakota sandstone at the stress range (5000 psi) at whicr. 
s 

failure occurs in simple compression 
m is Poisson's ratio of rock x at the same stress range. X 

At 5000 psi, Poisson's ratio of the prototype rock, Dak.>ta sandstone, is 0. 2.87. Substi tu ting this value for m , the rock factor reduces to s 

1-m 
X 

R = 2.. 484 m ' 
X 

Penetration by plastic deformation 
Introduction. The error in estimating normal penetration or path length in frozen glacial till, using one of the generally accepted penetration formulas, increases as the size of the projectile increases or as the striking velocity increases. A somewhat analogous situation was found in bomb penetration tests on granite and sandstone, and the desirability of accumulating additional information on the relative elastic or plastic behavior of rocks at various stress ranges was recognized . 
It has be e n observed that a brittle substance such as Zuni granite fails in part as a brittle solid and in part by plastic deformation at high stress ranges. (Livingston and Smith, 1951 ). In a sense, frozen Churchill till is a "rock ' ' type, for it exhibits both brittl e -state failure and plastic deformation. However, the transition fr om brittle­state failure to plastic deformation with a given type 0£ projectile occurs at a lower value of impa.ct energy in Churchill till than i. n granite or sandstone . 
The transformation from brittle-state failure to plastic deformation in a given material occurs at a lower value of impact energy for armor-piercing than for semi· armor·j)iercing bombs. Similarly, the transformation occurs at a lower value of impact energy for semi-armor-piercing than for general-purpose bombs. The effect of a change in the type of bomb that strikes a given material is analogous to the effect of a change in the type of material that is struck by a given type of projectile. It 
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appears, therefo re, :hat the behavior of materials is relative and that what is observed 

for a given material in a given range of behavior may be applicable to another material 

in the same range. 

Each of the generally accepted penetration formulas appears to properly reflect 

beha vior in the range in which the various experiments we re conducted, but little 

considera tion has been given to the posoibility that the behavior of a given material 

might not r emain constant as t:ie s cale of the experiment was changed. Inasmuch as 

now it is known that the depth of penetration increases as the proportion of plastic 

defo r m ation to brittle-state failure increases, it may be that different laws determine 

penetr a tion by " pure" brittle-state failure than by " pure" plastic deformation. 

It is im possible to search out these laws completel y, within the scope of the 

p resent teat program . . HowGvo r, a.a tho proportion of pla ■ tic deformation to brittle­

state fai lur e is greater for fr ozen Churchill till than for either granite or sandstone, 

it seems desirable to utilize the available data to explore fundamentals of penetration 

by plastic deformation. It is impossible completely to separate the effect of brittle­

state failure from the effect of plastic deformation, because frozen Churchill till 

exhibits both in varying proportions. The separation should be best for those drops 

that result in a high numerical value of the transition ratio, T. 

L et us assume that the terms ·•s olid" and "fluid" are relative terms, and that 

frozen Churchill till, wh e n subjected to stresses such as in the current test program, 

exhibits a r a nge of behavior that lies somewhere in the transition from an ideal solid 

to an ideal fluid. 

The fluid flow analogy. Let us draw an analogy between plastic deformation and 

fluid flow, and investigate the rel ation between path length and resistance to flow. 

In accordance with the laws of penetration of a solid into a fluid, the resisting 

force, or drag, offered by the medium is 

in which 

R2 is the resisting forc e 

cO is a coefficient ,, f drag (dimensionless) 

p is the density of the fluid 

a is the c :.oss-sectiona l area of the penetrating body projected on a 

plane normal to the direction of motion 

v is the velocity. 

When a projectile penetrates a yielding solid, it may be assumed that there is 

also a component of resistance proportional to the velocity (as would be the case in 

low velocity penetration into a fluid- -viz. Stokes' Law): 

Then the total resistance is 

For convenience let (l / 2) CO pa = C2 

The work done by the resisting force as the bomb moves a distance ds is 

d{Work) = Rds . (4) 
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If, as the bomb moves the distance ds, its velocity changes from (v + dv) to v, the 
change in kinetic energy is - -

d (KE) = ;' [ ( V + d V )2 - v2) wg 

where 

W = weight of the bomb 

g = accE> leration of gravity. 

Neglecting (dv)2, a differential of higher order, 

w d (KE) = - vdv. 
g (5) 

As a first approximation, the work done on the bomb may be equated to the change 
in its kinetic energy, neglecting work done in deforming the bomb and the change in 
potential energy. 

. 
d (work) = d (KE) 

(6} 

Equation 6 may be integrated through the interval of motion. 

L 0 
f ds = W f dv 
0 g V (C1 + C2 v) (7) 

in which 

L is the path length 

V is the velocity at which the bomb enters the medium. 

From eq 7 

Substituting and o(unit weight} = pg 

(8} 



.,..----........ ""'--' 

42. BOMB P ENE TRATION TESTS, FORT CHURCHILL, CANADA 

Equation Sa exp r esses the path len gth of a bomb pe netra ting a solid in terms of 
the weight and diameter of th e bomb; th e striking velocity of the bomb, the density 
p a nd unit weigh t 6 of the mate r ia l penet r ated, and two coefficients, C 1 and C1 , which 
a re related to th e material and its resistance to pene tra tion by the bomb. The equation is difficult to e valua te because C1 a 1d C1 a r e variables rath e r than co nstants, and the 
v a riation depends in a complex manner upon a series of factors. It i.s desirable at this 
state to evaluate the equation empirically using the field data. In doing so, fea­
tures that are difficult to evaluate precisely are included in the numerical value of the 
co efficients. 

L etting 

th e equation becomes 

(8a) 

a nd 

Using the pa th le ngth L the unit we igh t of m a te rial penetrated 6, the bomb 
diameter !? a nd weight W, the ratio Q/C3 was evaluated for each projectile from the 
test da ta. Figure 34 summarizes th e calculations. The unit weight was computed for 
each test drop usin g the crater cross sections which recorded the thickness of frozen 
peat (6 = 75 lb/ft3) and fro zen Churchill till (6 = 148. 7 lb/ft3). 

The relations presented in the figure together with those of Figure 2.5 are inter­
preted to mean that, within the range of the test data, th e ratio Q/C3 is a linear 
function of ve locity. The equation of the line that descr ibes the variation of Q/C1 with the velocity is of the form 

y = mx + b. 

To avoid confusion of symbols, the slope of the line is designated as ~ y/ ~x. The slope of the line is greater for the armor -piercing than for the semi-armor-piercing 
bombs, and greater for the semi-armor-piercing tha n for the general-purpose bombs. 
Also b is a negative number for all bombs. Preliminary values of the slope and of the y_ intercept are summarized in Table Ill for each type of bomb. 

Ta.ble Ill. Preliminary values of ~y and b of eq 9. 
~x -

Bomb ~~ X 1000 b 

81 -mm shell t 1. 667 -0. 443 
81-mm shell 2.386 -o. ,98 

l 05-mm shell 2.. 386 -o. 598 
2.50 GP bomb 2.. 386 -o. 598 

1000 SAP bomb 2.. 680 -0. 698 
500 GP bomb 2,, 838 -0. 504 
500 SAP bomb 2.. 846 -o. 732. 

1600 AP bomb 3. 008 -o. 979 
1000 AP bomb 4.475 -2..2.05 

t Values from 81-mm drops that penetrated frozen peat only. 

If 

I 
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Figure 34. Variation of Q / C, with striking velocity. 

The number of test drops with a give n type of projectile in a composite of snow, 

peat, and till is too small to evaluate ~y and b exactly. For this reason, the table 
6.&X -

is designa ted " preliminary". E uationa of the lines have not been determined by the 

method of least squares. 
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Path length of each of the test projectiles can be calculate<i from Table Ill by 

rewr i ting eq 8a 

W Av 
L=w(~V+b). 

(9) 

The path length as measured in the field and the Ccilculated path lengths are com­

pared in Figure 35. Eq 9 produces better agreement between observed and theoretical 

values, including values in the range where tunneling predominates, than does the 

Petry formula (Fig. 31 ). 

Curves of the path length vs energy of impact calculated from eq 9, Table III, and 

the av E> rage weight of projectiles of a given class dropped at Fort Churchill are shown 

in Figure 3 6. 

Range of similar beh avior in penetration 

Figure 30 classifies the behavior of frozen Churchill till into three ranges of 

similar behavior in pe netration, design a ted as the tunneling range, the cratering 

range, and the ricochet range. Each rang e is characterized by a given range of be­

havior of p a th shape, crater shape, and type of fracturing and degree of fragmentatioT\. 

Regardless of the size or shape of the projectile or of the striking velocity, two prv 

jectiles with the same tra nsition ratio 7' produce craters that appear geometrically 

similar with ~n normal limits of dispersion. Any discrepancies are minor and possibly 

indicate that the transition depth for a g iven type of projectile may differ slightly from 

th e g roup average used in Figure 30. Because of the comparatively sma:11 number of 

drops with each type of bomb, it is impossible at present to determine the transition 

ratio more accurately. 

A c hange in 7' is a ccompanied by a change in the s i ze or shape of the crater and 

in the shape of the uncle rground trajectory. In the cratering range, the shape of the 

cra ter is cont olled by brittle-state failure of the medium. At the upper limit of the 

crate ring range, 7' equals 1. 0, and the depth, diameter, and volume approach a 

maximum. As the transition ratio increases beyond 1. 0, the projectile tunnels below 

the bottom of the crater, and the length of the tunnel increases as T increases. 

Certain type of bombs are capable of penetrating further into the tunneling range 

than others. For example, at te rminal velocity, a l 000 AP bomb is capable of 

penetration to 7' = 3. 5; a 500 SAP bomb is capable of penetrating to 7' = 1. 6; and a 

500 GP bomb is capable of penetrating to T = 1. l. 

A primary prerequisite of a projectile intended for making trenches and foxholes 

in frozen ground is that it penetrate sufficiently into the tunneling range to bury itself 

completely within the tunnel below the crater. Accordingly, it is essential not only to 

understand why a projectile penetrates to a given depth, but also to understand why 

certa in projectiles are capable of achieving greater values of 'T than others. 

The underground trajectory 

The underground trajectory of a projectile depends both upon the projectile and 

upon the medium, and it seems impossible to separate the two effects. An analogous 

situation exists with respect to underground explosions , and it has been found impossible 

to treat the explosive and the medium as separate and independent variables. 

Figure Z 7 demonstrates that deviation of the path of a projectile from the line of 

action at impact decreases as the transition ratio, T, increases. Study of underground 

trajectories of projectiles of the Fort Churchill tests reveals that the underground 

trajectory of projectiles that achieve a sufficiently high value of T is a straight line 

that coincides with the line of action at impact. The view is held here that the shape 

of the underground trajectory is determined by the degree to which failure occurs in 

the brittle state or in the plastic state, and that the proportions of the two types of 

failure change as the striking velocity increases. Deviation of the trajectory from the 

line of action at impact increases as the proportion of brittle-state failure increases . 



BOMB P E NETRA TIO TESTS, ORT CHURC HILL, CANADA 4 

-----------------:.:.:.:.:.:.:.:.:.:.:.:.:.:.:.::.:.::...---.. -_ -.. ---... ---.. -_ -_ -.... ---.. -_ -... ---.. -.: ... -,...-.... ..., 24r--..-...--.--.---.------ 24 24 

81 MM 105 MM 100 GP 
20 20 20 

16 16 16 

12 - 12 12 

8 8 8 

4 4 

e: 1'll 
16 ·i 

0 .__.._ ............................... __,......, 
300 600 900 1200 1200 300 600 900 

24 

I-

~ 20 
lJ.. 

~ 

I 16 
1-
l'.) 
z 
!.!.J 12 
..J 

I 
~ 8 
Cl. 

4 

250 GP 500 GP 
20 

16 

12 

8 

4 

o.__..__._..._...._...._ ............. __..._. o_..._.._...._ ............. -' ...... .___, 
300 600 900 1200 300 600 900 1200 

24 24 

20 
1000 SAP 

20 -
1000 AP 

16 16 

12 12 

8 8 

4 /•36 4 

0-.-........................ _. ...... .__........_. o_..__...._......__.__..... ______ ..._. 
300 600 900 1200 300 600 900 1200 

STRIKING VELOCITY, FEET/ SEC 

24 

500 SAP 
20 

16 

12 

• 
4 

600 too 

1600 AP 
20 

16 

12 

I -

4 

900 

t:" igur e 3 5. Observed and calculat d path length vs striking velocity. 

o rm al pen t r a t ion in r lat ion to path l ng th an d str ik ing ve locity 
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1200 

If :he und r g r ound trajectory of a projectile is a m e asure of the resistance offer e d 
by th m e d ium at right angles to or para llel to the direction of motion of the projectile, 
and • s de pendent upon the degree to which the m edium fails in the brittle state or in the 
pla tic state , i t would not be surprising to find that th ratio be w en normal penetra­
tion a nd path length is a function of T. If a proj ectile does not deviate from the line of 



BOMB PENETRATION TESTS, F ORT CHURCHILL, CANADA 

' 5 .0 81 mm 5.0 105 mm • s.o 100 GP 

.60 84 78 

57 45 • • 

• .,/ '?:'' ~ y ., .. 
/

48 47 5 • • 
43,x:;9· 

1.0 1.0 61 1.0 n 
• 

54 

0.06 0.1 0.1 0 .5 0.5 1.0 

..... 5.0 250.GP 5.0 
soo•sAP 

-II 20 
II 

89 ioq 101 11 ~ 
• -- -~02 

J: 
10.0 

I- !!3 ... 93, •92 
~ (!) ~95• z 

~ 96 
1}• 4. 

..J • 6 5/ • 

J: 
5.0 ✓• 7 

I-

~ 1.0 1.0 
1p } 

.. 
z ... 
~ LO 3.0 2.0 5.0 10.0 2.0 

1000 • AP 2 6,/ 

/.,,' 
1600• AP 

10.0 10.0 • • 

/

28 25 10. 

,30 

5.0 5.0 
•36 

10.0 20.0 10.0 20.0 10.0 20.0 

, IMPACT ENERGY ( millions of foot pounds ) 

Figur 36. Obs e rved and calculated path le ngth vs impact energy. 



BOMB PENETRATION TESTS, FORT CHURCHILL, CANADA 47 

action at impact and pene tr a t e s in a straight line, the normal pe net r atio n equals the 
path length tim e s the sine of th e striking a ngl e , and the effec t of brittle-state fa il ure 
is negligible . As deviation f r om the line of ac tion increases, the trajec tory cu rves 
upward u.nder the influence of brittle-state fai lure at the s urfac e of the med iu m , and 
the ratio of normal penetration to path length dee r eases fr om th e theoretic al r atio for 
straight line penetra'.t\on. 

The upper, dashed-line cu rv es of Figur e 37 r epresent the theo r et ical r atio of 
NT to PTM for straight -line pene tr a tion at vari ous striking velocities. The curves 
were c onstruct ed for each type of projectile, using th e bomb ing tables to obtain the 
angle of fall a nd the striking velocity at impact, assuming the g round speed at release 
to be 2 50 mph. Most proj ectiles of the Fort Churchill tests were r e lea sed at g r ound 
&peed rear 2.S0 mph. Ratio• NT to P T M for eAc:h bomb-drop waro obLninod from the 
crate r measurements and plotted against the str ikin g velocity of the projectile. The 
fe w points which fall abo ve th e dashed-line cu rv e demonstrate the expe rim en ta l erro r 
of F igure 37, l) because the striking angle was g r eate r than predicted, 2) the alti tude 
of the ai r craft was r e ported sli ghtly in er ror, or 3 ) the g round speed of the aircraft 
was l ess than 2.50 mph. Most of the points fall below th e theoretical limit. 

The solid-line curves of Figure 37 are a m ea ns of averaging the field da ta. The 
vertical distance between the solid and dashed lin e s decreas e s as th e striking velocity increases, and is p r oport ion al to the deviation of the underground trajectory from a 
straight line. The '.' elocity co rresponding to th e intersection of the two curves is a 
first a pproximat ion of the transition velocity at whi ch brittle -sta te fai lure ceases to 
influence the shape of the unde r g rou nd trajecto ry. Inspect ion shows that the transi tion 
ve locity is different for each different type of projectile. It is g r eate r than th e terminal 
ve locity of the 500 GP bomb. 

The field data demonstrate that the l 000 AP bomb does not de viate fr om straight · 
line penet r ation over the range of striking velocities tested. I t appea rs, therefore , 
th at brittle-state fai lure has l ittle effect upon the und e r g r ound trajec tory of the 1000 
AP bomb. Th e 1600 AP bomb is simila r in shape to a l 000 AP bomb, but it does not 
achieve straight-lin e penetration a t striki ng velocities l e s s th an 1200 ft/s ec. 

Norm al pe net r a ti on and path shape are influ e nced by the angle of impac t (Living· 
ston and Smith, 1951, p. 204-206; F ig. 193, 194). The su rface of the Fort Churc h ill 
bombing range is horizonta l and th e r efo r e the angle of impact equals the an gle of fall 
at impa ct. It now is evident that a varia tion in the slope of the target surface so as 
to cha nge the striking angle has the same effect upon the sh a pe of the underground 
trajectory as does a change in striking angle upon a horizont al surface. At a given 
striking velocity, deviation of the projectile from the line of action at impact de· 
creases as the striking ,:ingle increases. 

The Livingston penetr a tion equations 

Eq 8 may be used to express normal penetration, NT, by multiplying both sides 
by 0 (the ratio NT to PTM at a given striking velocity for a given projectile striking 
a given m a terial). 

(8b) 

Until C1 and C:s can be evaluated separately, it seems desirable to calculate NT 
using the equation 

(9a) 

Because of the many factors involve d in determining 0, the relation between path 
length and normal penetration mnst b e defined for specific test conditions and target 
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mate rial. Norm al penetration wa s c alcula ted frorn eq 9 , using O = NT/ PTM from 

th e solid curves in Figure 37, a nd various assumed striking veloci ties. The summary 
curves (Fig. 38) show excellent ag reement wi th the observed data. To achieve such 
agree ment, it is essential not only th a t the r atio Q/C3 be reasonably correct, but also 
that path h: ngth va ry directly as the weight of the bomb an d the first power of the 
striking ve locity and inve rsely as the unit weight of the material and the squ a re of the 
diameter of the bomb . 

Limits of the ricochet range, the cratering range, and the tunneling range evalu­
ated from eq 2 for variou s gr oups of bombs (Fig. 30) ar e superimposed upon the curves 
of eq 9a in Fig. 39. Th e fi gu re serves as a means of evaluating the performance of 
each of the types of bombs tested. 

';h0 I..iving&tgn p1rn 0 tration oqu.:l.tion& au obtain@d by equa.tina; N'r 0£ the plastic 

deformation analogy toy of the explosions analogy. From equations 2. and 9a 

3 WO Av 
-rm '1f = W (~ Vtb) . 

The equations express the transition ratio in the form 

.,. = we (~ v +b} 
60Zm .Jr Ax 

the plastic deform a tion index in the form 

m = 

and the r a tio Q / C3 in the form 
3 

Q 6D2-rm ;,ff 
= --------C3 w0 

{ 10) 

( 11 ) 

( 12.) 

Ee. 10 mak f' s it possible to predict the type of fracturing, the degree of fragmen­
ta tion, and the shape of the underground trajectory or to classify the impact of a bod · 
upon a solid into one of three ranges of behavior - the ricochet range, the crate mg 
range, or the tunneling range. 

Eq 11 makes it possible to determine the value of!!:. for drops at energy levels 
other than -r equals 1. 0. 

Eq 12 may prove helpful in evaluating the coefficients C1 and C3 and in extrapo­
lating the data to materials other than frozen ground. 

DESIGN OF A BOMB FOR PRODUCING FOXHOLES IN FROZEN GROUND 

Requirem e nts 

A bomb design ed to make trenches and foxholes in frozen ground must me e t a 
series of ballistic, operational, and targe t requirements. It may be necessary to 
drop the bomb in close proximity to friendly troops who must not be placed in jeopardy 
from ricochet, impact, airblast, flyrock, or shrapnel. If large numbers of troops 
are to be entrenched at one time: each plane must carry and release a large number 
of bombs . Therefore, the weight of the bomb should be as little as is practical. 

None of the presently available general-purpose, semi-armor-piercing, or armor· 
piercing bombs meets the requirements for producing foxholes in frozen ground. It 
is possible, however, to design such a bomb. 

The 81-mm shell, the 2.50 GP bomb, and the 500 GP bomb have characteristics 
such that penetration is confined large ly to the cratering range. The underground 
trajectory of a bomb in the cratering range is J ·shaped, If the bomb is fused for delay 
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detonation a!ter impact, considerable shrapnel will be thrown into the air, and the 
noise and airbla1t effect will be 1ub1tantial. 

The 500 SAP, l 000 SAP, l 000 AP, and 1600 AP bombs are capable of penetratin1 
into the tunneling range, but too few could be carried on a bombing mi11ion and the 
weight of their burstin1 char1e i1 too great relative to their respective depths of 
penetration. 

FH series b..,mbs 

Figures 40-42. are outline drawings of the bodies of three bombs intended for 
producing foxholes in frozen ground, The type is here designated FH (for foxhole). 
Three different weights have been designed - 30-lb (FH 30), 40-lb (FH 40), and 65-lb 
(FH 65). Comparison of characteristics of foxhole, general·purpo1e, semi-armor· 
pierc:in1, al'ld armor•pierc:in1 bol'l\b• wUl •how: 

1) The ratjo of the weight of the bursting charge to the total weight of the armed 
bomb is less for FH series than for armor-piercing bombs. The order of decreaee 
of charge/weight ratio is GP, SAP, AP, and FH. The order of decrease of charge/ 
weight ratio within the FH series is FH 30, FH 65, and FH 40. 

2.) The slenderne11 ratio is greater for FH series than for armor-piercing 
bombs, which has a greater slenderness ratio than other conventional bombs, The 
order f increase of slenderneu ratio within the FH series is FH 65, FH 40, and 
FH 30. 

3) The nose of an rH bomb is sharper than that of an armor-piercing bomb, 
which is the sharpest of the conventional bombs, Within the FH series, the order 
of increase in caliber radius head, which measures nose sharpness, is FH 65, 
FH 40, an.d FH 30, 

4) The center of gravity of an FH bomb is closer to the nose than that of a con• 
ventional bomb. Thus, the tendency of the FH bomb to yaw in flight i1 reduced and 
the strength of nose is increased, 

5) The ratio W /r:} is greater for FH series bombs than that of GP, SAP, or AP 
bombs reduced by dimensional analysis to the same diameter. Accordingly, the 
sectional density and the ballistic coefficient of an FH bomb equipped with a fin of 
optimum design should be greater than those of a conventional bomb of the 1ame 
diameter. Ratios W /r:} for the FH bombs are as follows: 

FH 30 - 2.. 595 
FH 40 - 3. 086 
FH 65 - 3. 2.10 

Underground explosion with FH bombs 

The type and severity of damage resulting from an underground explosion depend 
upon the relation between the energy of the explosion and the man of the medium to 
which the energy is partitioned. The depth of an explosive charge below the surface 
determines the mass to which the energy is partitioned. The chemical composition 
and the weight of an explosive determine the energy of the explosion. If the energy 
of the explosion exceeds a limiting amo nt with respect to the mass of the medium to 
which it is delivered, energy is partitioned both to the medium and to the atmosphere, 
and the efficiency of the explosion with respect to the medium is less than optimum. 
If the energy of the explosion is too small with respect to the mass of the medium, the 
energy is propagated through the medium wi thout failure of the surface above the 
charge. To achieve optimum damage to the medium, the depth of the charge must 
bear the same relation to the weight of explosive as specified at Livingston's (1956) 
lower limit of the shock range. 

If a bomb is designed 10 that, w!1en it is delivered to achieve the proper striking 
velocity, the depth of penetration into the ea1·th 11 surface (measured vertically to the 
center of gravity of the bursting charge) has the same relation to the weight of the 
bursting charge a1 at the lower limit of the shock range, then the bomb i1 the moat 
efficient possible for attacking massive targets. Not only is the large1t volume of 
material broken per pound of explosive, but noise, airbla1t pre11ure, and fiyrock 

• 
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--------- us·-·------- -

Weioht 

Weloht T.NI 

• 301b 

• 6 lb 

Stctionol Pr111ure • 3.30 

Sectional Density • 0.763 

Caliber Radius Head • 8.09 

Sltndern11s Ratio • 7.5 

Charge/Weight Ratio • 20 % 

NOH to co explosive • 17.5• 

Figure 40. 30-lb FH bomb. 

I zu· 

r15• I 1 ~r~ 11.5" I s· ' 'IO" l l 

r,::□"== c31 
-~ D .. ':> .... \., :ii 

N ..L 
~ t 

BASE PL.UG 

WtiQht • 401b CaUbtr Radius Htad • 7.78 

Weight T.NJ. • 51b Sltndtrnt11 Ratio • 7.361 

Sectional Pmaurt • 3.93 Charo• I Weight Ratio • 12.5 % 

Sectional Dtnlity • 0857 Noll tc, co txploaivt • •• 

Figure 41. 40-lb FH bomb. 

- --- - ------ zu· -------------i 

BASE PLUG 

Weight • 65 lb 

Weight T.N.T. • 10 lb 

Sectional PrlllUrt • 4.0ti 

Sectional Density • 0.713 

5" ------ " - ---

Collbtr Radius Head • 4.22 

Sltndtrnaa Ratio • 6.56 

Choroe/Wt9d Ratio • 15.38 % 

Nole to co eaplosivt • 19• 

Figure 42, 65-lb FH bomb. 
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Figure 43. Correlation diag-ram for blasts of Military C3 in Churchill till. 
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travel are minimized. Furthermore, the material is broken in large chunks, which 

can be thrown from a foxhole by hand if necessary. 

The relation between the depth ,;f an explosives charge in !rv7.cn Churchill till 

and the weight of thr e di!!erent type of explos ·ves was defined for 1arious types of 

damage resulting from blasts of explosives placed in the bottom of a borehol The 

equivalent weight of explosive confined within the car,ing of a bomb is unknown; but as 

a first approximation it is assumed that, at optimum weight, the e!!ect of confinement 

does not differ greatly from the effect of substituting a low-velocity, low-energy 

explo1ive such as Coalite 7S for a high-velocity, high-energy explosive such .: 1 C3. 

Figure 43 from the results of the Fo1·t Churchill blast tests (Livings,to,1 and 

Murphy, 1959) shows the manner of determining the weights of the bursting charges 

of the proposed FH bomb. The line designated "optimum" coincides with the lower 

limit of the shock range for blasts of C3 in frozen Churchill till. The limits of the 

shock range for explosives such as are used for bursting charges in bombs and the 

effect <>f the strength of the casing upon the "secondary" pressure associated with an 

expanding explosion cavity are not accurately known. However, Figure 43 provides 

a first approximation of the relation of the depth of penetration to the weight of the 

bursting charge for optimum ground shnck and minimum air blast in frozen Churchill 

tl!l. It will be neceuary to investigate the effect of strength of the bomb casing in 

field tests using live bombs before equivalent, weights can be determined accurately. 

The bomb must penetrate by tunneling so that the frozen ground is not disturbed 

in such a way as to cause it to behave as a fractured mass when the bursting charge 

detonates. The depth of the tunnel below the bottom of the impact-produced crater 

determines the size of the foxhole and depends upon the transition ratio T. (See 

Fig. 2.7, 39). ·Tunneling begins at T = 1. 0, which is the lower limit of the tunneling 

range. The three FH bombs have bee 1 designed to produce foxholes between 4 and 5 

ft deep in frozen Churchill till. 
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Preliminary evaluation of the proposed FH bombs 

It seems unwise at this stage of development to carry the evaluation beyond an 
empirical solution. Determination of the ballistic characteristics of the propo1ed 
FH bombs and basic research necessary to determine numerical value• of C1 and C1 
are beyond the scope of this report. 

The FH 30 bomb contains a bursting charge of 6 lb of TNT. Let us assume that 
the bomb is released so as to achieve a striking velocity less than or equal to its 
terminal velocity and that it tunnels below the impact-produced crater to the depth at 
which the bursting charge produc\!S fracturing at the lower limit of the shock range. 
The optimum depth of a 6-lb charge of C3 in frozen Churchill till is 3. 75 ft (Fig. 43). 
The depth is measured to the center of gravity of the charge. 

Next, let u1 a11ume that the FH 30 bomb penetrate• by 1traight•line penetration 
and that the striking angle is 75°. The distance from the nose to the center of gravity 
of the explosive charge is 17. 5 in. (Fig. 40). The depth of penetration mea1ured 
vertically from the surface to the tip of th~ nose of the bomb at optimum depth is 

NT = 3. 7 5 + ( ~ i: ~ x 0. 9 6 6) = 5. 1 5 ft. 

Similarly, it can be shown that NT must be 5. 05 ft for the FH 40 bomb at optimum 

depth and 6. 07 ft for the FH 65 bomi>. 

The terminal velocities of the proposed FH series bombs must be determined in 
the field, but it is assumed here that they approach the velocity of sound. The a11ump• 
tion is based upon the known te~·minal velocities of Gavre-type projectiles (Hayes, 1953, 
p. 431) anc'. upon the fact that the sectional pressures of the proposed FH bombs are 
greater th'an those of conventional bombs reduced to the same diameter by dimensional 
analysis. The assumption of straight-line penetration is consistent with the improved 
nose shape and greater slenderness ratio of the FH bomb compared to the l 000 AP 
bomb, which penetrates frozen Churchill till by 1traight-line penetration at velocitie1 
less than the velocitr of sound. The auurnption that tunneling occurs may be te1tec! 
by calculating the transition ratio from the po1tulated model law for impact: 

Given; 

and 

, 
y = Tm -...ri . (2) 

W = 30 lb 

m = 0. 0l.7 (interpolation from Fig. 39) 

y = 5. 1 5 ft ( y = NT) 

V = 1080 ft/sec 

w v 2 _ 30 (1oso)Z , 
I = g x T - 31.. 2 x 2 = o. 543 x 10 ft-lb 

r _ 5. 15 
T = m ;,/f - 0. 027 X 81, 7 : 2• 33 • 

As tunneling begins at T = 1. 0, the assumption of tunneling is correct. 

Similarly, it can be shown that at terminal velocity impact energy for the FH 40 
bomb is 0. 71.4 x 106 ft-lb. At terminal velocity, T is 2. ll. for both the FH 40 
and the FH 65 bombs. 

Figure 44 shows the relationship of the FH bombs (as predicted from the theory 
using the Livingston pen~tration equations) to the 105-mm shells and the l.50 GP 
bombs. The relations to other bombs tested may be obtained by plotting value1 of 
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Figure 44. Preliminary evaluation, FH bomb. 

L5 

I or!_, as calculated above in Figures 30 and 39. These values in Figure 44 are the 
coordinates of the upper ends 0£ the curve• 0£ the thr~e proposed FH bomb,. 

Table Ill shows that for bombs in the range 0£ weight 0£ the 1 0~·mm 1hell and 
250 GP bomb 1000 Ay/ Ax = 2. 386 and£= -0. 589. Theae values may be 1ub1tituted 
in equation (9a), using values of W and Q for each 0£ the teat bomb• from the drawing• 
{io'ig. 40-42). _ -. .... 
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In a composite material such as peat-covered frozen Churchill till, the unit weight 
changes from 75 lb/ft> for frozen peat to 148. 7 lb/ft1 for frozen Churchill till. It ia 
necessary therefore to obtain an approximate value of 6 baaed upon an auumed depth 
of penetration. I! NT, aa computed using eq 9a and the approximate value of 6, does 

not agree with the auumed depth, the calculation must be repeated, 

The assumption in following calculations that the terminal velocity of an FH bomb 
equals 1080 ft/ sec is a first approximation based upon the ballistic coefficient, C , g 
for Gavre·type projectile and upon the known relation between the ballistic coefficient 
and the limiting velocity (Hayes, 1953, p. 434}. The value of 8 used in following 
calculations is based upon the aasumption that the FH 30 bomb will penetrate by 
straight-line penetration at T = 2. 33 and that the striking angle at an altitude of 
roloa•o at.&!£i.c;i.@nt to ac;hi.eve terminal vttlDChy wiU be approximaseiy 75• (••• data 
sheets). For the FH 30 bomb 

W = 30 lb 

B = 0. 966 

6 = 136. 5 lb/ftl 

D = 3.4 in. = 0.Z83 ft. 

Substituting in eq 9a and solving for NT 

30x0.966 ( } 
NT = 13 6. 5 x (0. 283 )1 0. 0023A6x 1080 -0, 598 - 5. 2 ft. 

The performance of the FH 30 bomb at 2,ltitude1 of release leu than that at which 
terminal velocity is achieved, or the performance of FH 40 or FH 65 bombs at various 
altitudes of release are calculated in a similar way. 

In designing the FH 30 born ' , the relations between normal penetration and energy 
of impact were chosen using Figure 39. The weight of the bursting charge corres?ond• 
ing to the design depth of the center of gravity of the charge was then determined 
using Figure 43. The design of the bomb, aside from nose shape and stre11 di■tribu· 
tion, was fixed by the requirement of producing a foxhole of a given 1ize without throw­
ing shrapnel. The above calculation demonstrates that the dimension■ were properly 
chosen if the analogies upon which the Livingston penetration equation• are ba1ed are 
valid. 

A comparison of propertic, of the FH bomb■ and of the 105-mm shell (Table IV) 
suggests a greater maximum depth of penetration for the FH bombs than for the 105-mm 
shell. 

Table IV. Comparison of properties of the 105-mm ■hell and FH bomb■ . 

Sectional pressure 
Terminal velocity, 
Nose shape (CRH} 
Slenderness ratio 

t Assumed 

ft/sec 

105-mm FH 30 FH 40 FH 65 

2. 00 3. 30 3. 93 4. 09 
1010 1080t 1080t 1080t 
z. 83 8. 09 7. 78 4. 22 
5.30 7. 50 7.36 6. 56 

CONCLUSIONS 

Penetra tion of bombs into materials of the earth's crust 

Penetratior. tests have b1..\~n made in a wide variety of materials under a wide 
range of conditions. It now appears that the behavior of various materials 1ubjected 
to impact and penetration of bc,mbs is relative and that phenomena ob■erved in 1ub1tance1 
that behave in part plastically can be reproduced in brittle 1ubitance1 at higher energy 
levels . The hypothesis is advanced here that failure ii dependent upon energy transfer 
and that fundamentals of energy tran■fer do not differ greatly for 1olid1, liquids, and 
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gases. Inasmuch as the penetration o! a projectile depends upon the energy o! impact, 
it follows that a correlation must exist between energy partitioned to a substance as a 
result o! the impact and penetration of a projectile and that partition d to the substance 
as a result of an underground explosion. 

Just as it is impoHible in explosions research to correctly treat the explosive and 
the medium as separate and independent variables, it is impossible in bomb penetration 
research to treat the projectile and the medium as separate and independent variable•. 
It has been observed as a result of the Fort Churchill and the New Mexico bomb pene• 
tration tests that analogous changes in 1) the type of failure, 2) the degree of frag· 
mentation, 3) the shape of the underground trajectory or 4) the shape of the bomb 
crater are produced aa a result of: 

a) a chanae in bomb type at a given energy of impact in a given rnedi.um, 

b) a change in the type of medium at a given energy of impact with a given type 
of bomb, 

c) a change in the energy of impact with a given type of bomb in a given medium. 

As in explosions research, it is possible to define various energy levels at which 
a transition in ype of penetration c.ccurs. As the energy level is increased, a tran­
sition from ricochet to penetration by brittle-state failure occurs. A further increaae 
in energy level results in a transition to penetration by plastic deformation. 

Postulated model law for penetratio11 

Although the evidence suggests that the laws for penetration by pure brittle-state 
failure differ from the laws for penetration by pure plastic deformation, it aeems 
possible to correlate the behavior of a wide rangt, of materials by mean• of the equation 

' where 

J 
y = Tm -..ff (2: 

I is the vertical distance, ft, from the surface of the frozen ground to the 
nose o! the bomb at the end of its underground trajectory, 

m, the plastic deformation index, expressea the tendency of materials to 
-deform plastically 

!. is the energy of impact in foot-pounds. 

The transition ratio ~ is the ratio of the depth of penetration (meaaured vertically 
from a horizontal target surface to the nose of projectile) to the depth at which tunneling 
begins for the same typ~: and weight o! projectile in the same medium. It ia a dimen· 
sionless quantity analogous to the depth ratio, '1, in explosions reaearch. The transi• 
tion ratio may be thought of as a ratio of lengths, a ratio of volumes, a ratio o! mauea, 
or a ratio of "energy levels." The terms "energy level" is used here to describe a 
given ratio between the mass to which energy is delivered and the quantity of energy 
delivered. If the proportion of plastic deformation to brittle-state failure is constant 
in model and prototype, the plastic deformation index mis a constant, and geonetric 
similarity exists at a given numerical value of T. If the proportion is not const ,int a~ 
a given energy level, ~ is a variable rather than a constant, and geometric sim i.larity 
does not exist. Values of!!!. as determined for test drops striking frozen Churchill 
till are a measure of a composite of three materials - snow, frozen peat, and frozen 
Churchill till. The resistance of snow to penetration is low, and the effect of the 
snow cover was ignored in the analysis. The peat layer ranged from 6 to 15 in. thick 
and the depth of penetration varied, so that various proportions of pE.,at and till were 

. penetrated. The transition depth and the corresponding value of m are 1ummarized 
• for each of the test projectiles in Table V. -

The table shows that the plastic deformation index decreases a1 the depth o.f 
penet:-ation increases and also that the value of!!!_ depends upon the bomb. Accordi.ngly, 
in future tests it 1eem1 deairable to refer the plastic deformati'.on index to a atandard 
bomb. 
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Table V. Plastic deformation index, ~• composite material. 

Transition Plastic 
Bomb depth, ft deformation Group 

index. m 

81-mm shell 1. 37 . 0345 1 
105-mm shell 1. 6l . o:, 04 l 
500 SAP 3. 15 . 0l04 4 
l50 GP 3. 50 . 0l47 3 

1000 AP 3. 70 . Ol08 4 
1600 AP 4. l 0 . 0l04 4 

500 GP 4.40 . 0l4l 3 
1000 SAP 5.35 . 0l41 3 

We may liken a general-purpose bomb to a low-velocity explosive a d an FH 
bomb to a high-velocity explosive and predict that different values of m for di£!erent 
types of bombs will be found in a given substance at the same ener~y of impact. We 
may predict also that the variation of m with bomb type and nose shape is not so great 
as the variation observable in di!!erent materials with the same bomb. Further, we 
may predict that m is larger in plastic-acting substances than in brittle-acting 
substances. -

The limit between the cratering range and the tunneling range is shown (Fig. 39) 
as a series of lines rather than a single line because of the different physical proper• 
ties of the peat and Churchill till. Equations of the various line segments have been 
computed at T = 1. 0 assuming that the composite of frozen peat and glacial till 
acts as a singlt: substance and that m for the composite substance is constant over 
a finite range of impact energy. The numbers . 034, . 030, . 0l4, and . OZ05 are 
values of m determined for various groups of projectiles, as explained in the text. 
When dealing with a particular projectile the value of~ of Table V should be used. 

It would be unwise to a&&ume that the penetration characteristics of all glacial 
deposi ts of the sub-arctic and arctic are simila,r to those of frozen Fort Churchill 
till, The ground mig t or might not b1_1 frozen to a depth substantially greater than 
the depth of projectile penetration, den,i nding upon the time of year, the amount of 
vegetation, the thickness of snow cover, the thickness of the mantle of 1oil or of 
glacial debris that overlies bedrock, and the phys ·cal proper~ies of the frozen ground, 

Because of difference between the environment that favors the growth of timber 
and the environment of the open, untimbered arctic plain, it i1 probable that the 
depth of penetration of a bomb will prove greater in the timbered areas than in the 
open. The timbered areas are at somewhat higher elevation than the open muskeg 
areas, The drainage is better and the soils are more porous. The thickne&1 of 
perennially frozen ground is leu in the timbered areas because of better insulation 
by more vegetation and deeper snow and because of better protection again1t the cold 
winter wind, 

The line that marks the limit between the ricochet range and the cratering range 

is shown in Figure 39 as unbroken. Probably it too should be a broken line, but the 
number of test drops was too few to pin-point accurately the transition at impact 
energies lower than 4 million foot-pounds, If it is a&&umed that experimental accuracy 
is greatest for the heavy bombs and that the composite of peat-covered glacial till i1 

the equivalent of a single substance (m is constant), the numerical value of T that 
defines the transition from ricochet to cratering is 0. 58. 

The Fort Churchill bomb penetration tests provide sufficient evidence to demo"• 
. strate that the numerical value of T is a f i rst approximation of geometric 1imilu·ity. 

To be consistent, we must the ·refore postulate that the equation of the line separatina 
the ricochet range from the ~ratering range in the stress range of Figure 44 for the 
105-mm shell nd for the proposed FH series projectile ■ will prove clo■ er to 

~tr ~r,-
N = 0. S8 x 0. 030 'V! = o. 017 -v l 
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than it i1 to 
s 

NT= 0.012. ;Jf. 

However, the effect of the peat cover haa not been isolated completely from that 

of the underlying glacial till. Until this ia done, it is impo11ible to determine whether 

known minor discrepancies between the ahapea of the underground trajectories of 

various teat projectiles are due to: limits of accuracy in calculating T, variation in~• 

or a "scale effect" not apparent in the po1tulated model law for penetration. 

Penetration by h_!ittle•state failure 

The crater in frozen ground is the result of failure along three mutually perpen· 

dicular 1et1 of fracture which have been obeerved previou■ ly in cratera in rock. The 

mechanics of fracturing ha1 been described and analyzed in connection with 1tudiea 

o! the penetration of bombs into granite and sandstone (Livingston and Smith, 1951 ). 

The behavior of granite and sandstone greatly resembles the behavior of frozen 

Churchill till in the cratering range. The similarity ia greatest for the 81 ·mm shell, 

the 250 GP bomb, and the 500 GP bomb, which,unlike other types of bombs teated at 

Fort Churchill, exhibit behavior (aee Fig. 39) that lies almost exclusively within the 

cratering range. 

The penetration formula• developed as a re1ult of teats in rocks -where behavior 

is almost exclusively in the cratering range and where brittle-state failure predomi· 

nates over plastic deformation - are at variance with formulas developed here using 

the plastic deformation analogy. Although numerical values of the ratio Q/Cs have 

been determined empirically and applied to the cratering range, little justification 

may exist £or doing 10. In £act, the evidence suggests that the law1 for penetration 

by pure brittle-state failure differ from the laws for penetration by pure pla1tic 

deformation. Moreover, it appear• that penetration ii accompli1hed by a combination 

of both type• of failure. 

The view i1 held here that penetration in brittle-acting 1ubatance1 and at value• 

of T le11 than 1. 0 may be more accurately expreued by the formula (Livingston and 

Smith, 1951, p. 209-2.19), 

l - m 
X 

NR = 2.. 484m 
(3) 

X 

In frozen ground, in substance• that behave in part elastically and in part pla1ti· 

cally, and at value• of T greater than 1. 0 normal penetration equal• 

(Sb) 

in eeply frozen groun 

None of the presently available general-purpose, semi-armor-piercing, or armor• 

piercing bombs meet the requirements of a bomb for producing foxhole• in frozen ground, 

Figures 40-42. are outline drawings of a bomb. It is believed that the propo1ed 

FH bomb (Fig. 40-42.) will meet ballistic, operational, and target requiremenu. The 

new design is based upon the penetration equations derived and also upon a correlation 

of effects of impact and explo1ion to avoid hazards of 1hrapnel and airbla1t. 

Recommendations 

The Fort Churchill bomb penetration testl have been directed not only toward• 

determining the feasibility of making trenches and foxhole• in frozen ground by mean• 

of bomb• released from aircraft, but aJ.10 towards a 1tudy of behavior of material• o! 

• Q may be stated in term• of V, 6, and P. 
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the ea rth 's crust subject to impact. This approach has resulted in a sta teme t oC the 
mode laws for impact and a correlation of the eCCects o{ impact and explosion. It 
ha s al s o led to the concept of similar ranges o! behavior in penetration and to a better 
unders ta nding of the transition successively from ricochet to brittle•ltatc, failure to 
plastic deformation. 

Accordingly, it is recommended that: 

1) The proposed FH bombe be developed and tested both at Fort Churchill and on 
the Greenland Ice Cap, 

2.) A basic research project be dire cted towards investigating the relation• amona 
the coe!!icients C1, c,, the drag coef!icient CD' and the plastic deformation 
index m. 
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APPENDIX 

BOMB CROSS-SECTIONS AND DATA SHEETS 

CONTENTS 

Bomb cross-sections and pbotognpbs 

Shell HE-81 mm,T28E7 

Shell HE-105 ■m,T53E2 

Bomb 100 GP ANM30Al 

Bomb 250 GP ANM57Al 

Bomb 500 GP ANM64A l 

Bomb 500 SAP AN1158A2 

Bomb 1000 SAP ANM59A 1 

Bomb 1000 AP AN-MKl 

Bomb 1600 AP AN-Mil 
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Shell BE-81 
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APPE :)IX B: TE MINOLOGY A D SYMBOLS 

owth of ing with 
n s cone r- cks f r ca rch 

h ns in r c oi , f r ·nco rp s minol -
. s d in h ci of x r ti l s r al rm 

that mployed in air navi . ffo rt to c c ex sion, 
r ms used ·n xplosion e r c s " op , ' th · 0

11
, 

"cri cpth" , and " strain· n y c a r c inclu t t rms such as 
"t r n • " , "transiti ", " tunneling r n ' , ing r ang " a nd 
" ri c r , w re oi f!o rt to fu r ther the is of pe net r ation of 
projectiles ilu r e p r o r s th r ugh the brittle state to the plastic state. 

Th ba lis t ic co • it:nt (C) is d rived from equations of motion of projectiles 
and i s equa l to 

where , 

C s the b llistic co f ici nt 

a fo r m fa , . r 

d the diam t r f th p r oj ctil 

m the wei ht of 

ba li tic co ffic ' nt incr as 
C Cr r an of t c projecti 

C (C RH}: a d ' 
ha r-p-n---,--,,------.,... th · c t i 

bomb d o 
in clude a facto r tha t takes into acco 

, th r tardation due to ai r r s ista nc 
inc r e c S :,, 

quan ti t y that i a m as ur of th 
ua to th r dius of th ogiv of the 
Som bomb p n tration formulas 
oi th nos of th bomb. 

C tio is th r atio of the w i ht of th xplosive ch a rge to the total 
w i gh xpr ssed a a p re ntag . Bombs desig ned fo r ai r burst, such 
as g - m s, a v high r charge / weig t r tio than semi -armor-
pie rc ing o r armo r- pie rein bombs. 

Crate r ing r nge (F ig. 30 ) is t ran g in wh ' c h pr oj ctile pen trat s by e r ter-
_ing ction. It i s b tw en th r ion in w ich roj ctile r icoch ts and the r ion 
in wh ' ch it pen trat s by tunneling. Th cratering action i s the proc ss whereby 
!ram na ti on of the m d ium is a. r ul t of thr mutually pcrp ndicular systems of 
fractur consid r d here to b in ic a tive f brittl -st t failur . 

Critical d pth ( } is th minimum d pth , measured. from th surface to the center 
of g ravity of a g iven explosive cha r g , at whic h the e n r ,w of the explosion is dissipated 
into the m dium without visibly dama ing the surface above th e cha.rge. The critical 
depth 1 r ela ted to th charge wei ht by the strain-energy equation 

J 
= E VW 

whe t • 

or 

N i 

E 

w i 

Th 
tr ack , 

th 

t 

th 

critica l d pth, ft 

tra in- n r y f ctor 

w ig t f th explosiv s c r e , lb. 

asu r d a t r ight angles to the line of fli ht, 
rror.) 

D pth r a tio (~) i r tio of the d pth of a n explosive cha r to th e critical dep th 
of a char of the s igh t m xplos ive. Th e depth ratio is a means 
of om paring the volume of two s h r s w • ch represe nt str ssed volumes in the 
medium w v front from char s a t d1ff r t depths strike the surface. One sphere 
i s of r adius equal to the charge depth; the oth r is of r adius equal to the critical depth. 
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T c • not onl y is r a t a r , it o 
is c r w ' thi n 1 es . us . 

t e t f explo n v r ·ous me . 

otion of j ctil to t e r s 

nc P. in wi th the motion of b i 

i f is appl' d me n to pr j c t i t: pene tr ti on 
of f by plas ation. 

~adi r. , a us d ·n conn ction wit bomb ' ng , is th of a n it din 1 x · 
ircr • at t insta nt of r el a e . Ii th r wind , the he din is th 

1.r1,; tion of f ight with re r pect to th round s the tr ack o r line of 
fli .t oft i rcr a!t. f th re is a cro s wind, t e ng if! r from the direct ion 
of f ig t by the dr ' ft a ngle. In the tests at Fort Churc ill , the bombi ng run wa alwc ys 
in ~h, m ,: di r ct ion, but the heading v r · ed de p ndin upon th e direction a nd velocity 
of th , wi n . 

_______ n_r __ g_y_(I) of a proj ectile is the k ine tic energy of impact. 

W yz 
l= -·2 

wher 

r 

W is g ross we i gh t of projecti e 

is th acc ele ration of g ravity 

V i trik ing v locity. 

ne off ight (LOF ) is the direct'on of motion of the aircraft at the insta nt of 
wit resp ct to the ground. The te rms "line of flight" and. the "~ r ack" a r~ 

synonymo 

n of i pa c _ is th tangent to the tr aj e ctory of the projectile at impac t; it 
m k ~ an n le w ith the horizontal eq.i.al to the angl of fall. The line of imp ct is 

r efer r ed to also as th "li ne of action " of the projectile. 

No r m 1 p n .tr at ion (y , T) is th depth of penetration_ of the nose of the p oj ec tile 

meas u r d norm 1 to the ta rget surface. 

Ogiv is th cu rve d no se or head of the projectile. Usually the curve of the o 1ve 

is th re of a circl and the radius is expr1::ssed in calibers (see caliber radius h d). 

Op t imum depth (d 0 ) is the depth at which a given explosive charge produces th 
g r at t v lume of excavation per unit weight of xplosive. Optimum depth may be 

ca c lat d from the equation 

l 
do = AE ".Jw 

wher , 

d 0 is op ti um d pt , ft 

A t depth r ti a t whic h th phenom non occurs 

E is t ne r gy fac t o r 

w is w t of th xplosi v c a r g 

d p nd toth upon prop 
At optimum d pth only a 
th a tmos phe r . 

_____ ng.._t_h (P, PT M' L): 

ath 1 n th (P) is th trav 1 dis t nc 
in the m ediu ( ee Fig. Z.l ). In the n 

, lb . 

r ties of the m d ium and characteristic of th 
11 portion of the energy f the explosion is 

of th nos of a proj ectil along i ts trajectory 
ysis, path 1 n th PTM i used to designate the 
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st nc measured along th traj ct r y !ro impa t t · nt of maximum normal 

en tr tion. Total length E diff r rem PTM in th r · ng r a nge, and a dist ·nction 

b twe nth two is made b caus th energy r e qu i r d for p n tr ting from E to PTM 

i mu less than that required to penetrat t e same dista nc e in unbroken frozen 

ground. 

P a stic deformation refers to the deformat ion of solids by "flow", at g reat con· 

fincment and high stress. Creep and relaxa tion may be t ought of as plastic d forma­

tion und r static or geologic loading in which th t ime interv l is great compared to 

that !or dynamic loading. It now is evi nt tha t m teri ls also ar capab e of d forming 

plastica ly under dynamic loading. Wh ther this proc ss is somewhat analogous to 

ere p, wh t er int rgranul r c rushing occu s, n<l t c natur of th r lationship 

betw en shearing stress and rate of strain are m tters 0£ conjecture at present. 

P oisson' r a tio is the r a tio of th diff renti a l lateral s train to the difie rential 

axial tra in for th specific str ss r nge in which a specime n i s t sted. 

T h r r i the bombing rror m asured par llel to ::he line of flight, or 

track, of t ft. 

r boun or ricochets to 
At th upp r limit of the 
within the crater. 

r n in w • ch a projectile that strikes a mass ive target 
such an xt nt th t it comes to rest outside of the crater. 

ricochet ran ricoch e t ceases and th projectile remains 

S cti onal d nsity (D ): W ight o a projectile divide d by the cube of its diameter. 
s 

S ssure (P}: We i h of a proj ctile dividec·. by its cross-sectional area. 

S s r a tio (1 / d): Ratio oft n0
th of a projectih~ to its diameter. 

Str in- ne rgy f cto r (E): Th b havior of various mate rials of the earth's crust 

may be c ompared by th r l a tions b twe n ilur criteria and mass, ener y and time. 

The relations may be observed in t e field by subjecting the material to a dynamic load 

using an explosive and m asuring its en r gy absorption capacity. The dynamic strain 

characteristics of the medium are expressed by the strain-energy factor 

E = _3 _____ _ 

i./w-w1 

where 

E is th strain-energy factor 

is the critical depth, ft 

w is the total weight of exp osive, lb 

w1 is the weight of explosive partition to inelastic behavior of the medium, lb. 

Stri ing an gl : The angle betw en th tang nt to the trajecto ry of a projectile at 

impact nd t e surface of the tar e t. At the SI PRE Fort Churc hi l bombing range, 

w re the tar g t surface is horizon l, the strikin angle equals the angle of fall at 

impact. 

T rminal v l ocity: Th v locity at wh ic h th compon nt of avitational force 

acting long the tr jectory is oppo by an e qual fore due to air resist nee. As air 

resi tanc is funct ion of air d n ity, terminal velocity usually is referred to air of 

standard density (59 at s a level). 

T r ck: Direction of an aircraft with r spect to the ground (see line of flight)~ _ '_I'he 

track differs from the heading by th dri t an le. 

Tr nsiti on d pt : The d pth, m asur d v rtically, it which the medium under 

impact of a projectile begins to !ail by plastic deformation. The transition depends 

upon both the projectile and the medium. 
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ratio of t ve rtic d pth of p n tr tion of a. projecti 
tu ne in g of t sam,. typ nd w igh t f projectil in 

trans1t1on r tio i a imensionl ss quantity. Projectiles 
i r at r :han . 0 p tr ate in part by pl stic deformation, and 
t y pa t' c de orm tion increases a -r increa cs. The 

tr n ition r t'o also indicat t shap of the traj ctory oft e prJj ctile in th frozen 

Sym o s 

proaches a trai ht l'ne as the proportio o pen tration by 
inc rcas s. 

proj ctile pen trat s primarily by plastic 
, "p ast' c or. tion " is not n cessarily 'dentical to 
lim • t of the tu ne ing r nge is t transition depth , and 

r it oft c er t r ' ng r ng-. . W et r a proJ ctile is capa· le 
nn l ' ng r n e d pends not only ;:>on the projectile, bu t also upon the 
n r gy of imp ct. 

In r viewing ar i r p n tr tion formu as, the symbo s of the original author have 
b en retain d. Th s a r not r p t d r . 

Ar of crat r cro 

C ntroi r adiu of 

sect'on A, B 

ction A, B 

C f ici nts of r sistanc 

D th of c nt r of ravity of 
explosiv charge 

Depth of crat r 

D pt of normal penetration 

D pth rat' o 

Diamet r of bomb 

Distanc 

Dra coeffici nt 

Energy of impact (KE ) 

~ose factor 

P th len th 

P tic deformation index 

dius of crater 

R sistance 

Rock factor 

Strain - en r y factor 

Str ikin v locity 

Transition ratio 

Unitw i ht 

V locity 

Volume 

W ight of xp o iv 

W ig t of bomb 

AA, BB 

RA' RB 

C 1, C1 

d 
C 

H 

T' y, 
R 

A 

D, d 

s 

CD 

I 

L, PTM' p 

m 

R 

R, R1, R2 

R 

E 

V 
.,. 
6 

V 

V 

w 

w 
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