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FOREWORD

Tihe present investigation was sponsored by the U. §. Naval Ordnance
Laberatery, white Oak, Siiver Spring, Maryland under ONR Contract,
Nonr 2332(00;; SRI Project No. 2167-613. The research was conducted
during the period 17 May 1965 and 1 November 1965,

The coniract was monitored by M. M. Kleinerman, NOL. Project
supervisor was Dr. E. G. Chilion and project leader was Dr. Bernard Ross.
Contributions at Stanford Research Institute were made by Mr. P. Neketin
and Mr. G. Wagner. The laboratory notebook for the experimental work

was numbered 7829,
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ABSTRACT

Impact tests were mude on fliating ice slabs with particular atten-
tion devoted to the necnsnism of peneiration. The range of values
investigated for the basic parameters was: impact velocity, 8 ft/sec -
21 ft/sec; projecttle mass, 4.56 1b - 5,22 1b and penetrator diameter,
5/16 in., - 1-1/4 in. The perforation of ice slabs made from seawater,
and at approximately +17°F {warm sea 1ne) is accompanied by the ejection
of a shear plug from the t:z%i =lab, whereas fresh water ice slabs under
similar loading conditions fracture into segments along well defined
radial cleavage planes., The experimertis iadicate that a blunt end
renetrator profile is significantly morc zffective in the perforation of
warm sea ice than a corresponding penetrator with conical profile., In
addition, the order of magnitude of the impact velocity and temperature
of the ice slab are important factors that can govern the mechanism of
penetration. A simple mathematical model for shear plug ejection, based
upon the laws of conservation of linear mementum and mechanical energy,
provides correlation betw2en a potential energy quantity containing
projectile mass and release height, and a geometric quantity containing
penetrator diameter and sea ice thickness. Using these quantities,
curves are presented which indicate a threshold-of -perforation boundary
for the warm s¢a ice. Finally, recommendations are made for guiding

future investigations 1n this problem area.
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SYMBOLS

location of projectile center of gravity, sce Table 2
diameter of penetrator

acceleration due to gravity

height above ice slab at which the project!.. mass is
released

mass of the projectile and p aetrator

mass of the ejected shear piug

thickness of ice slab

velocity of projectile immedistely prior to impact

velocity of projectile a::d shear plug immediately after
impact

coordinate directions, see Figure 13

running coordinate, see Figure 13
shear yield stress function

constant value of shear yield stress acting on plug
during ejection, see Pigure 13

Iy

e S

g 'WWWM?W [re——




INTRODUCTION

Although the Far North has witnessed vigorous scientific exploration
iur almost a century, it is within the last two decades that the strategic
significance of this area has attracted attention. The first decade of
this period was characterized by the installation of extensive warning and
defense systems, an activity incited by the accompanying development of
intercontinental missiles and nuclear arsenals, With the advent of long

range transits and tactical under-ice operations by nuclear powered sub-
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marines, the second decade has focused attention on the tactical importance
of the Far North from a military viewpoint (References 1,2,3).* It is
these considerations together with the arctic's geographic situation that

-

has influenced the Free World's increased commitment to generic problems

of the Far North.

: In particular, the possibility of arctic submarine warfare has called

for the development of effective countermeasures, Thus, high resolution,
; integrated electronic systems have been considered not only for tracking
and localizing alien submarines under the arctic ice, but also for deter-
mining accurately the thickness of this protective cover. In this context,

. o,

4

the problem treated here is particularly important,

Ay e %

This problem can be posed simply. Given: A projectile of specified
shape, dimensions and weight which is released with known initial velocity
from a particular height, Required: A measure of probability that the

i ypets & e

projectile will perforate*® (completely penetrate) the ice cover and,

therefore, be able to continue its mission underwater,

Although abundant literature exists concerning research in ice and

sanelise na

LAY

snow physics &«s well as engineering problems posed by the arctic environ-

* Numbers in parentheses refer to references collected at the end of
this report,.

**For the purpose of this report, penetration can be defined as the
entrance of s missile into a target without completing its passage
through the body whereas perforation implies the complete piercing
of the target by the projectile, {(See Reference 4.)
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ment (References 5,6,7), and even though the penetration of frozen ground
by piles and projectiles has been investigated in the past (References
8,9), it appears to this investigator that little or no previous atten-
tion has been given to the mechanics of jice penetration.* Therefore,
the present study was undertaken as the initial phase of an experimental
and analytical program designed to provide assistance in this general

problem area to the Naval Ordnance Laloratory, White Oak, Maryland,

It should be emphasized that the basic aim of this investigation was
to acquire initial experience and understanding of the penetration and
fracture behavior of ice subjected to impact loading, The development of
experimental techniques and the establishment of realistic future

objectives were of major importance.

* In particular, the penetration of floating ice slabs,




SUMMARY AND CONCLUSIONS

An experimental program was conducted in which circular ice slabs
floating in a tank of seawater were subjected to the impact of a freely
falling projectile. Fresh water ice, seawater ice™ at +17%F and seawater

ice at -13°F were employed for the test slabs.

A project: e weighing approximately 5 lb was fitted with cylindrical
penetrators of different diameters (5/16 in., 1/2 in. and 1-1/4 in. ,
and different end profiles {conical, hemispherical, concave and blunt

and allowed to impact the test slab at velocities of 8 ft/sec to 21 ft,sec

On the basis of tests performed over a relatively small range of

variables, the following results were realized:

The mechanism of perforation** depended on whether fresh water

ice or sea ice was being investigated. The fresh ice test slabs
fractured into large segments along radial cleavage planes

whereas sea ice test slabs at +17%°F were perforated by the formation

of a shear plug.

The mechanism of perforation depended on the characteristic
temperature of the ice. For example, it was not possible

to perforate the subzerc (-13°F) sea ice test slab with the
available penetrator mass auw drop helght. Hovwever, the same
penetrator mass, under similar test c¢.udii» ~as, readily produced

perforation in the warm sea ice (+17°F" test siabs,

Numerical data obtained from a relatively large number of tests
on sea ice at +17°F indicated that shear plug ejection was present in
every instance of perforation. The following observations were applicable

for this type of behavior.

* The words seawater ice and sea ice are used interchangeably throughout
this report.

**Some of the possible perforation mechanisms are displayed in Figure 1
(this illustration was obtained from Reference 4).
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The conical penewicter was relatively incflective in per-

forating the test slab; however, the blunt end penetrator

g performed satisfuctorily., Performances ol both the hemi-
spherical and concave penetrators were intermediate Lo the

conical-blunt extremes,

For a given penetrator and ice slab, a minimum or threshold
value of available kinetic energy at impact was required to
produce perforation. This energy appeared wo bc related to
the shear yield stress of the ice, the square of the "“hick-

ness of the test slab and the diamecer of the peneiviator.

Tests were also conducted in which the project{iie was made to
impact a sea ice test slab at approximatelv 36° incline to the vertical
direction. Qualitative results vare simijar to thuse obtained at neirmal
incidence. That is, perforation resulted from the ejection of a shear
plug; and in this process, the blunt end penetrator was significantly more

effective than the conical penetrator,
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FIG.1 POSSIBLE MECHANISMS FOR ICE SLAB PERFCRATION




TEST SPEQIMENS ARD HQUIPMRNT )

r,‘

A serics of sea lce test specimens manufactured . m Per.fic Occun

water was employed in the investigation, In addition . limited numbor
of tests weve performed on fresh water ice.

All test specimens wers circular slabs having a diameter of 28 an,
and a thickness at the start of the experiment of 2-1/2 to 4 in. A
representative example of the test slats is sheown in F. -2 2; the

dimensions of the tegt slabs are summparized in Table 1.

FIG.2 TYPICAL TEST SPECIMEN: WARM SEA ICE (<17°F)
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Table |
SEAB P PMENSTONE AN CTEST HEN) IS
i t 3] h :-ll.'-: ':'i“'h
TEST | IMPACT PENETRATOR 2 PEIGOM.
Stag | NO. PROT TLE AFHA HLANR~
(ru.) fan.) ©Qn (m.3" (e 1b:
{ 1 4 172 {Conical VLTS 3.5 i s Coater 7 deep
2 4 Blunt LR RS 3 W 3.2 321 No Crater 1} e
3 13172 {Blunt PI7pg T4 j2ui 31 Yoo
4 13 174 JGonical Pis ) 74 faus . o {rater 1172 deep
F 13 178 §Hemispherical § 1 1741 74  }21.1 31.8 AW Gater 27 deeps
) [3 Cuncave Yy 74 17.7 320 Yoo
= 2 344 JConical V1441 74 14.85 316 o Stight fractyre
1 i i Blunt | O A R 3.3 2.3 Yes  Yell delined shear plus
21312 hmcal Lial s (bl 321 Yo o fGrater 1 deep
34" 124 {8t Y4} oea 2075 200 Yes | Threshold of perforation
L Gencal P 1744 63 Ty 37.1 No
3 2 34 1Conicai 4 63 4.9 R No
6 ]2 1% {Guucal P R {zas ) e Yo Shight crater
I 1 3 Blunt 12} 62 7.0t 319 Yes
2 12172 |Blunt 3716 | 62 3.07 .5 Yos
3 2 1/8 }Conical (P N B 1.58 15,55 Yes
+ }2 Conical 173} 26 2,14 9,98 A\
Iv 1 1 Blunt 516 | 47 7.86 17.8 Yes
2 13 3/4 {Blunt 5/6 § 41 6.80 15.53 Yes
3 13172 {Bluat 5716 35 | e.02] i3.25 Yo 1" Penetration
4 |3 3/8 Blunt 5716 1 29 5.59 1 110 X 172" Penetration
5 13 1/4 {Blunt 1221 47 8.32 18.05 Yes
6 {318 |Blunt 12p a1 | 760 | 1575 No
7 131/16fBlunt 172§ 35 7.40 | 13.45 Yes
8 3 Blunt 121 #1 7.09 15.75 Yes
9 2 7/8 | Blunt 1721 29 6,50 11.15 No
10 }2 3/4 {Blunt /2123 5.9 8.3 No
11 }2 1/2 {Conical 114t 12,25 § 19..%5 Ao
12 2 1/4 { Conical 11744 35 9.94 14.75 Mo




Tiuble | Conectuided
wsth t . F b b l‘f;: e )
s Mo v ML - oA kMalths
{in.) Gn.) o) J O 73 G 1)

A 1 3172 Blunt. P11 8l 2.0 35.2 Nes 'Tul;i water at 2 F
2 3172 Conical P i/} sl 21,05 3L N
3 j312 Blunt T4 60 2405 0.0 Yes
1 1314 Blunt VA4 )57 1l 21.8 Mt
5 314 Blunt A A S X 0,8 7.1 A%
6 31/4 Biunt 11451 faos | o222 "
7 3-1/4 Conical 1/2 § 51 8.32 19,6 Yes
8 j31/2 Conical 1/2 1 39 9.62 § 135, \E
9 3172 Blunt 172 139 9,62 15,1 o
10 31/ Blunt 172 § 51 9,62 19,7 Ye~
i1 31/4 Blunt 12145 8.32 17,4 Ne
12 §31/4 Blunt 1/2 157 8.32F 2.0 Yes
13 31/4 Blunt 172133 3.32 12.8 No
14 31/4 Blunt 5/16% 45 5.17 7.2 Yes
15 j31/4 Blunt 5716 45 517§ 17.2 Yes
16 131/4 Blunt 5/16} 39 317 11.95 o
17 §31/4 Blunt 5716} 51 .17 1a, 45 Yes
18 3 Blunt 5/16§ 51 1,41 19.45 Yes

vi* 1 133/4 Blunt 11734180 ]27.6 34.7 No Formation of crater
2 13172 Blunt P14 )8 1240 34.7 No Fnlarged crater
3 j31/4 Conical 114 380 §20.55F1 34.2 Xa Formation of trough
4 I3 Blunt - 172180 7.07§ 3.8 N
5 2 3/4 Conical 172 } 86 5.95 36,7 Yes
6 2172 Blunt 172 180 4.90 § 30,9 Yes
7 21/4 Biunt 1174 ] 80 9.95 .7 Yes
8 12 Conical 1174180 7.85 ] W2 No formation of trough
9 §115/16] GConical 11880 | 1] 342 No | Formation of trough
1 j17/8 Blunt 11/4 186 16,918 3.7 Yes { Clean perforation
1 j13/4 | Blum 1173162 Je02] e Yes | -

*

Test Slrbs No. VI subjected to inclined impact -3¢°

to vertical).
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All of the numerical data were acquired for sea ice slabs at approxi-
mately 17°F :z1°F (warm sea ice). However, a few tests that provided only
qualitative data were carried out on a subzero sea ice slab having a

thickness of 4~3/4 in. and an average slab temperaturc of -13°F,

A typical test specimen was manufactured over a 72-hour period by
freezing seawater or fresh water contained in a stainless steel, circular
double-walled pan (see Figure 3) which was placed in a cold storage freczer
locker that operated at -4°F, The double wall design feature was incor-
porated to ensure the formation of an ice slab which would freeze uniformly
from the top surface down. During the entire freezing process, heated air
was recirculated through the pan by means of a blower, Periodic measure-

ments of the slab thickness confirmed that this procedure produced
satisfactory results.

FIG.3 DOUBLE-WALLED PAN AND HOT AIR BLOWER




The subzero test slab was manufactured in an identical manner with

PR

the exception that it was frozen in a commercial cold storage plant which
operated at -30°F,

Typical test specimens, as received from the freezer, exhibited top
and bottom surfaces which were both flat and parallel. The top surface of
a typical warm sea ice (+17°F) test slab was significantly harder and more
solidified than the bottom surface which, as a result of the much higher
salinity in the lower layer of the slab, had a tendency to be mushy.
However, tiie subzero ice (-13°F) was completely solidified on both top and
bottom layers and evidenced a surface hardness that was appreciably greater

than that common to the typical warm ice test specimens,

The salinity content of the seawater as received was 30 ppm. Because
of the qualitative nature of these experiments, a precise determination of
the salinity profile through the thickness of each ice slab was not
obtained., However, the results of two analyses on full core samples by
titration for total halide content (Mohr procedure) yielded average
salinity contents for the warm ice test specimens of 13 ppm and 19 ppm.
For the subzero sea ice slab, a cored sample which was partitioned into
three sections through the slab thickness yielded salinity contents of
6.15 ppm, 6.22 ppm and 7.61 ppm for the top 50%, middle 38% and bottom 12%,
respectively, These numerical values are considerably lower than those
obtained from the warm ice test specimens., Because only one subzero ice
slab was prepared, it was not possible to qualify these results; thus,

the reasons for the discrepancy is unknown,

No attempt was made to determine the density, brine content and
porosity of the test slabs,

The basic equipment of the test facility (see Figure 4 consisted of
a relatively large circular tank, the guide rails, the projectile mass

and various penetrators.

The tank was a commercially available portable wading pocl, 8 fi in
diameter and 20 in. deep, consisting of a flexible corrugated metal wall
which supported a polyvinyl liner, Eight hundred gallons of Pacific

Ocean seawater were used to fill the pool. Initially, the tank water was

9




~n

——ul

e~ o P O
AN
F

FIG.4 TEST FACILITY

10

L

atnarer voenl]




R - _—

maintained at room temperature; however, in an cffort to make the test
conditions more analogous to thosc typical of the arctic, the tank water
in later tests was cooled to +29%F by the addition of 500 1b of dry icc.
The experiments were then conducted after the disappearance of all but

very small chunks of the dry ice.

The guide rails were 1-1/4 in., 0.D., commercial steel pipes
supported and maintained 3-1/2 in. apart by spacer blocks which were
fastened to a heavy rocef beam. A scale, attached to one guide rail,
provided a means of determining the free fall height which was the
distance from the center of gravity of the penetrator mass to the ice

slab's top surface,

The projectile mass comprised two side plates of stainless steel
and a middle plate of brass, Four roller bearings were mounted on the
side plates' edges to assist the free sliding motion of the mass in the
guide rails. The various penetrators which could be screwed into the
base of the projectile mass were made of aluminum. Figure § shows the
projectile mass and penetrators; Table 2 summarizes data concerning the

geometries and weights of these items.

Table 2

PENETBATOR SHAPES ANMD S1ZES

e D c m -y .
PENETRATOR i ¥ . i
PHOFILE . . L3*4 !-m
{in.) (in.) (xlugs) (1p? ‘I
Conical 0.3125 3.165 0.1430 1.60 6
Conical 0.500 3.210 G.1.445 $.03 _‘_
Conical 1.251 3.594 0.1505 5. 14
. . . 3%
Hemispherical 1.251 3.686 0,108 5. 17 l
Concave 1.250 3.656 0.1615 5,20 Dk
Blunt 0.3125 | 3,004 0,148 b0 g @
A&soo
Blunt 0.500 3.094 0,1138 f.03
Blunt 1.252 3.719 0.1620 5,22 £J

T4.2167.163
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FIG.5 PROJECTILE MASS AND VARIOUS PENETRATORS (scale in inches)
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TEST PROCEDURE

The test procedure and set-up werc¢ esentially similar for all
experiments with one exception, the details of which will be explained

in a later paragraph.

The test slab was removed from the double-walled pan by submerging
this unit in the tank of water and allowing the buoyant forces to float
the slab free from the pan. The floating test slzb was then centrally
positioned under the guide rails that contained the freelv sliding

projectile mass and its variocus penetrators.

The projectile was released from a selected height and allowed to
impact the floating test slab. The penetration process was observed, and
whether perforation was achieved and the type of failure were recorded
together with the following data: mas of the projectile including
penetrator, diameter and profile shape of the penetrator, free fall
height, thickness of the test slab, and temperature and specific
gravity of the water in the tank. By means of embedded thermoccuples,
the temperature at the center as well as temperatures at midthickness,

along a diameter, were obtained for some of the ice slabs.

The test configuration was signficiantly altered for one particular
experiment. To investigate the effect of allowing the projectile to
impact the test slab at an angle, the guide rails were tilted 30° to
the vertical. The ends of the guide rails were approximateiy 8 to 10 in,

above the test slab. Thus, actual impact was at an angle somewhat less

than 30°,

In an attempt to determine the static shear yleld stress of sea ice,
two slabs were tested in a Baldwin Universal Testing Machine. For
this purpose, the loading head was fitted with the 1~1/4 in. diameter
biunt end penetrator so that loading conditions corresponded,
geometrically at least, to those typical of the impact-penetration
tests., During the loading process, the test slab was uniformly supported
on its lower surface by a 1 in thick circular plywood panel which was
raised 8 in. above the table of the testing machine on six columns of

heavy duty steel pipe. A circular hcle was cut out of the panel,

13
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concentric with the cylindrical loading penetrator. Thus, the entire
machine test set-up was conceived to assist the formation of a shear

plug during machine loading.
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TEST RESULTS

Although a few impact-penetration experiments were conducted with
fresh water ice test slabs, only qualitative observations of the penetra-
tion process were recorded. Thus, for these cases no numerical data are

presented in this report,

Numerical data from the tests on warm sea ice slabs (+17°F, are
summarized in Table 1, Test Slabs Nos. I, II, III and VI were floated
in water at room temperature, whereas Test Slab Nos. IV and V were

floated in water that had been cooled to +29°F by the addition of dry ice.

Since perforation did not occur during the test on the subzero
sea ice slab because of limitations of the test =quipmeat (insuffici~
projectile mass and height to provide the necessary impact energy),
numerical data are presented for this case. However, the qualitative
information obtained from this experiment is described in the next

section entitled Experimental Observations.

The results obtained from experiments on Slabs I through VI are
shown in Figures 6 through 9, respectively. The ordinates indicate the
available potential energy (free fall) while the abscissae represent a
characteristic geometric quantity containing the penetrator diameter
and the slab thickness. These coordinates were suggested by theory.*
¥igure 6, in particular, portrays the results of tests in which different
diameter penetrators having conical profile shapes were employed.

Figure 7 shows similar results for tests with blunt end profile shapes.
The results of all tests in which impact occurred at normal incidence

are summarized in Figure 8. Included in this figure are the data points
from tests with hemispherical and concave penetrators. Finally, Figure 9
shows the results of tests in which the projectile mass impacted the test

slab at a nominal angle of incidence of 30° to the vertical.

Temperature distribution and its variation with time are shown for

a typical sea ice test specimen in Figure 10. The pertinent data were

# See section entitled Mathematical Model and Analysis.
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obtained from a warm ice {+17%F; slub which floated in scuwatlcr at room

temperature (+59°F,.

The numerical data realized from static tests on sca ice slabs in
the testing machine are presented in Table 3.
Tabie 3
x
TESTING MACHINE BESULTs
LOADING BATE MAN LOAD WA STRESS
TEST ]

NO. {(ft 'sec) (ip) (lb »n.")
1 | 0.003 x 1077 520 124

2 0.556 » 1073 1040 819

-3

3 0.803 x 10 380 310

4 5.190 x 1073 610 107

5 0,093 « 1973 320 124

6 0,550 x 1073 860 To2

7 0.803 x 1073 590 181

8 5.100 x 1073 180 301

9 0.003 x 1073 600 189

10 0.556 * 1073 aq 750

11 0.803 ¢ 1073 700 570

-3
12 3.160 x 10 330 132
*
1 174 1n. diameter blunt penetrator profile and
1 1/2 in. cireular cutout 1o supporting board.
16
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FIG. 6 PLOT OF TEST RESULTS OBTAINED WITH CONICAL PENETRATOR:

WARM SEA ICE (+17°F)
v Conical Penetrator
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AVAILABLE POTENTIAL ENERGY

£ .dn 3a

40 T I T
]
30 —
0 a
F -4
o 20 }— . o~ M, —
€ f 1
h J'-D
|
v -
:It
NORMAL INCIDENCE
0 @ PARTIAL PENETRATION  _
L O COMPLETE PENETRATION
0 [ 1 !
0 10 20 30 40
10'2/2
CHARACTERISTIC GEOMETRIC QUANTITY ~— in®
TB-2167.1%2

FIG.7 PLOT OF TEST RESULTS OBTAINED WITH BLUNT END PENETRATOR:

WARM SEA ICE (+17°F)
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EXPERIMENTAL OBSERVATIONS

Fresh Water Ice Test Slabs

The initial series of penetration tests was conducted on test slabs
of frozen tap water. These tests were qualitative in nature; their
results proved useful in comparing the behavior of fresh water lce test

slabs and sea ice test slabs.

Typical fresh water ice test slabs were approximately 3 in. thick,
As a consequence of manufacturing the test slabs within the confines
of a closed container, the ice showed random surface cracks, along

chords, varying from 1/4 in. to 3/4 in., in depth.

The effects of impact which did not produce complete penetration
were restricted to a relatively small volume of ice. In particular,
visible local fracture planes issued from the point of contact (conical
penetrator) at angles of approximately 45° down from the top surface of

the test slab for distances of about 2 in., (see Figure 1l1-a).

(e

e

{a) CENTRAL iMPACT {d) CENTRAL IMPACT {c) EDGE 1MPACT
NO BREAK - UP BREAK-UP BREAK -yP

18.2:87.100

FIG. 11 VIEWS OF TEST SLAB AFTER IMPACT WITH 1-1/4 in. DIAMETER
CONICAL PENETRATOR: FRESH WATER ICE

The test slabs which fractured did so by splitting into 3 or 4
pie-shaped segments outlined by radial cracks from the point of impact.
The fracture surfaces between adjacent segments were perpendicular to

both the top and bottom surfaces of the test slab, In addition, the
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fracture surfaces were nearly straight in the radial direction (see

Figure 11-b, and exceptionally smooth in appearance.

In some tests, impact was deliberately made to occur on the surface
cracks which resulted during manufacture. Results of this experiment
indicated that the presence of surface cracks did not contribute to the

fracture process,

Test slabs which experienced euge impact close to the circular
boundary rather than central impact split into two segments (see

Figure 11l-c).

On the basis of observations only, the conical penetrator was more
effective than the blunt penetrator in producing complete fracture of

the fresh water ice test slabs.

Sea Ice Test Slabs

The majority of tests were performed using test slabs of frozen
seawater at approximate temperatures of +17°F. These tests furnished

all of the numerical data presented in this report (see Table 1},

As a result of making the ice slabs irn a closed container, the
average salinity values, as well as the salinity distribution profiles
through the slab thickness, proved to be an unrealistic representation
of typical arctic sea ice. In particular, an accumulation of high
salinity layers in the uottom portions of the test slab resulted in
average salinities that were two to three times higher than corresponding
values for arctic sea ice. For these reasons, a generalization of the

present test results was not possible.

The results of initial tests, conducted with both conical and
blunt end penetrators, indicated that the visible effects of impact were
confined to the immediate area of penetrator contact. In cases where
perforation did not occur, partial penetration was accompanied by
plastic deformation of the adjacent ice In many instances, partial
entry of the penetrator into the top surface of the ice slab resulted
in bulging of the bottom surface along the central axis of impact A

typical cross-scctional view of the ice slab (conical penetrator,

r\’




showed that a small volume of the material had undergone subhstantial
plastic deformation delineated by a well-defined yield surfuace, as

sketched in Figure 12,

iy b

KCOMCAL INDZNTATION

L RIU RPN

YIELD SURFACE

SEA ICE
TEST SLAB

\

h" BOTTOM SURFACE

—— \m\,—s__ﬁ

Viltdpgeh 9

(8]

"

o bt

TA.2:87-: 65

FIG. 12 VIEW OF CROSS-SECTION AFTER IMPACT WITH 1-1/4 in.
DIAMETER CONICAL PENETRATOR: WARM SEA ICE (-17°F)

Ppatt g N
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The impact of the penetrator on the sea ice test slabs did not i
produce surface cracks or fissures, nor fracture along cleavage planes.
For every instance in which perforation occurred, a plug was sheared
out of the ice slab, After ejection of the shear plug, the resulting
hole in *the ice slab was clean and circular at the top surface;
however, at the bottom surface the hole was spalled and enlarged into
a somewhat rectangular cross section. Even at the outer boundary of the :
ice, where the breaking off of edge sections might have been expected,

a shear plug was ejected.

The results from all tests established the superiority of the

blunt end penetrator over the conical penetrator. Specifically, for

o A
iR

identical test conditions, impact of the conical penetrator produced
limited penetraticn, with two exceptions, while the blunt penetrator

perforated the ice readily. The shear plug mode of penetration suggested

'1:‘)!)(Y‘j:;lr)a,;'=‘11§'.1slv‘na*:' .
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the use of different penetrator profiles. As a consequence, tests were
made with hemispherical and concave penetrators (see Figure 5). The
relative performance of the hemispherical and concave penetrators was
intermediate between that of the conical penetrator and the blunt

penetrator.

The test results were not directly related to the temperature
of the seawater in the tank. That is, results obtained from experiments
in the tank containing water at +29°F were not noticeably different from
those obtained with water at room temperature (+59%F). The blunt
penetrator still perforated the test slab by expelling a shear plug,
whereas the conical penetrator did not produce cracks or fissures which

could break up the sea ice and result in perforation.

In certain tests, it appeared to cobservers that the passage of
the projectile through the test slab was delayed during the perforation
nrocess.® The results obtained from these particular tests were used

to describe the so-called threshold values of shear yield stress.

Experiments in which the projectile impacted the floating test
slab along a path inclined slightly less than 30? to the vertical
demonstrated that the conical penetrators, especially the largest
diameter one, were incapable of perforating the test slab, being more
ineffective in this case than in cases £t normal incidence. After
impact, the conical penetrator gouged out long troughs in the top

surface of th- sea ice. No signhnificant penetration was obtained.

The first inclined impact tests with the blunt end penetrator
caused the formation of asymmetric craters at the location of impact.
However, subsequent tests on thinner test slabs produced both partial

penetration and perforation through the mechanism of shear plug formation.

A series of impact tests was conducted on a subzero sea ice
test slab {-13°F; floating in cold sea water (+29°F). B-r~use of
limitations on the kinetic er~=rgy of the projectile, the i. was not

perforated. Instead, on impu.t, local fragmentation extended to a depth

-

% Generally, it 'vas observed that the projectile sheared through the
slab rapid.y and without delay.
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of approximately 1 in. when the largest diameter blunt end penetrator was
used and partial penetration resulted with the smallest diameter conical
penetrator, strongly indicating that the mechanisms of penetration are

dependent on temperature.

In all tests performed, the relative scale of projectile, test slab
and tank dimensions was such that impact of the falling projectile
produced negligible motion of the test slab and virtually no wave motion
of the water in the tank. Even in the tests where the ice slab was
subjected to inclined impact forces, there was no noticeable horizontal

motion of the slab.

Machine-Tested Sea Ice Slabs

During the first series of tests, the sea ice slab was s.pported
on a plywood panel containing a 6-inch circular cutout. The ice slab,
which was at a temperature of about +20°F, was tested at room

temperature.

Application of the load casued local melting and crushing of the
ice in the immediate vicinity of the blunt penetrator. No perceptible
shear deformation nor any pushing out of a shear plug was evident. The
maximu:.: resisted load and subsequent failure occurred when the cutcut
area allowed the exposed bottom surface to bulge out causing random

cracks or fissures in the protruding volume of ice.

In the second series of tests, the original supporting board was
replaced by one which contained a 1-1/2~inch circular cutout. Otherwise,
test conditions were similar to those of the initial series. It was
hoped that this change in support conditions would enable the
penetrator-slab combination to produce the anticipated shear plug defor-
mation; however, this did not occur. Instead, local melting and crushing
was noticed again, accompanied in this case by upsetting of the sea ice
to form a collar around the penetrator shaft. Ultimately, the formation
of cleavage planes resulted in the breaking up of the test slab into

smaller segments,
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The most significant result realized from the machine tests on the ice
slabs was the compressive crushing type of failure obtaine in contrast
to the shear plug failure common in the impact-penetration tests. Since
the loading rates associated with the latter tests were approximately
a thousand times greater than those of the testing machine, a strong
indication was provided that the pencetration process can be dependent
on both the kinetic energy or impact momentum of the projectile, and on

the impact velocity itself.

Because of the diffzrence in failure mode between machine and
impact tests, it is not to be expected that the failure stresses

observed in the one would apply in the other.
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MATHEMATICAL MODEL AND ANALYSIS

For shear plug penetration, a simple mathematical model can be
formulated. Based on the classical theory of impact, the equations
describing the mrodel behavior are governed by the law of conservation
of momentum and the law of conservation of mechanical energy. No
account is taken of transient stresses, nor are contact deformacions
and vibrations of the colliding bodies considered. In agreement with
experimental observations, it is assumed that the impact is plastic
(no rebound), and that the test slab remains motionless during the
shear plug ejection process. Moreover, hydrodynamic drag forces and
buoyant body forces on the plug, and sliding friction forces on the
penetrator are neglected. Figure 13 shows the model and notaticn
employed,

Conservation of linear momentum yields

mgvy = (my + mg)vy (1)

where the assumption of plastic impact requires that both masses, m;
and mg, travel with the same resulting velocity, vy, after collison.
The free fall velocity of the penetrator mass, m;, just prior to impact
is denoted by v,.

Conservation of mechanical energy provides a relationship between the
amount of kinetic energy imparted to the projectile-plug combination
immediately after impact and the amount of work expended in expelling
the shear plug from the slab. Since this formulation can only relate
initial and terminal velocity states, it is postulated that the plug
velocity approaches zero at exit.

Thus, t

L (my + mvy - ey () wD(t = 1) an (2)

where D is the shear plug diameter, assumed equal to the penetrator

diameter, t the ice slab thickness and Txy the shear yield stress which
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is in general a function of both position, 7}, and velocity. T
Substitution of the initial plug velocity, v,, from Eq. (1) into Eq (2)

yields
t

p .
=J 'rxy(n,m nD(t - 1) d7 (3)

Since an experimental determination of the function ?xy(

the scope of the present investigation, a gross approximation was made

T, ) was beyond

to enable an evaluation of the work integral. Thus, the sea ice was
assumed to exhibit rigid-plastic behavior® such that ejection of the
shear plug occurred at a constant value of shcar vield stress, Txyo'
With this assumption and after performing the indicated integration,

there results

2, 2 2
1 mv, = T nbt (4)
2 (my+my) Xyo 2

The impact velocity, vy due to free fall can be readily expressed in

terms of the free fall height. After rearrangement, there results

megh _ . obt? (5)
(1s22) Mo 2 |
My

For the quantities typical of the present experimental program,

P2 «< 1 (6)
my
s0 that
nDt3?
mgh =~ Txyo 33"" (7)

Eq. (7) relates the available poteutial energy, mygh, to a characteristic
geometric quantity, nDt’/z. These two quantities were used to represent

the data obtained from the experiments. It can be seen readily that,
if the present shear plug model is valid, a knowledge of the shear
yield stress function enables the free fall height for perforation to

be obtained for a given projectile and ice slab.

* That is, elastic deformations prior to the formation
of a plug are neglected,
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DISCUSSION OF TEST DATA

An analysis of the simplified mathematical model representing the
shear plug mechanism of penetration suggested that various fundamental
quantities of the problem comprised two distinct groups. One of these

groups, mygh, was equivalent to the availabie potential energy, whereas
. 7Dt 3

XYo 2
geometric parameters. Since no direct information concerning the shear

the other group, , represented the pertinent material and

yield stress, Txy , was obtained during the experiments, it was decided
[
to portray all of the test results on plots with the known quantities
mygh and nDt3/2 as ordinates and abscissae, respectively. In this way,

characteristic values of Txy were realized from the plotted data.
[

Figure 6 depicts the test results obtained with conical penetrators.
Different values of penetrator diameter, available potential energy and
test slab thickness characterized these tests. Only two impacts were
successful in perforating the sea ice test slabs. Both of these tests
employed penetratcrs of 1/2 in. diameter. In general, relatively
greater available potential energies and thinner test slabs were
conducive to perforation at fixed values of penetrator diameter (e.g.,
test results*: (II-3 and V-7 versus III-4, IV-12 and V-8); however,
it is interesting to comment on the relative effectiveness of the conical
penetrator at different penetrator diameters but nearly equivalent values
of available potential energy (e.g., test results: V-7 and IV-11).
Although Test No. IV-11 was carried out at a slab thickness of 2-1/2 in.
while the slab thickness for Test No. V-7 was 3-1/4 in,, perforation
occurred in the latter case but not in the former. The location of these
test results on the plot of Figure 6 indicates that this behavior is
predicted by the theory.

A possible explanation of this phenomenon lies in the difference
between the cylindrical surface areas associated with each penetrator.
It is reasonable to assume that the shear yield stress was more or less
constant for a given ice slab. Thus, during the perforation process,
the resisting force was proportional to arez or more concisely, the
# See Table 1.
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penetrator diameter. As a result, a simple calculation shows that for
the penetrators employed;2w1/2 times greater resisting force prevailed

in Test Ne. IV-11 (d = 1-1/4 in.;, where perforation did not occur, when
compared to Test No. V-7 (d = 1/2 in., which was successful under similar

test conditions.

Figure 7 shows the test re ults obtained with blunt end penetrators.
Again, diiferent values of penetrator diameter, available potential
energy and test slab thickness were employed in these tests., The curve
passes through the three threshold data points observed in the experimentsﬁ
and indicates a smooth, monotonically increasing threshold boundary for
perforation., This boundary would be a straight line through the
origin if the shear yield stress were egual for all test slabs. With
minor exceptions, the impact tests that produced perforation lie above

this boundary.

This type of plot furnishes the most significant information obtained
from the ice penetration studies. If such a plot is found to be valid
for real sea ice it can be used to predict a projectile’s performance.
That is, if a projectile of given mass and diameter is released from
a particular height, a knowledge of the ice thickness will locate a
coordinate position with respect to the threshold boundary. If this
point lies above the boundarv, perforation will result. 1In addition,
the position of the point with respect to the threshold boundary should
provide information concerning the probability of perforation. The
threshold boundaries themselves depend on both the mechanism of
penetration and typical yield stress values for the ice in question.

The former factor appears to be strongly dependent on the characteristic
ice temperature while the latter quantities are known to be functions

of the ice salinity, brine content and temperature.

The relative performance of the various penetrator profiles can be
seen in Figure 8 where the accumulation of data for all impact tests at
normal incidence is plotted. Test results obtained at corresponding

values of the characteristic geometric quantity, ©Dt2?/2, indicate. on

* See page 26 for discussion of threshold values.
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an energy basis, the superiority of the blunt end profile in the

perfcration process.

The results of tests in which the projectile impacted the test slab
at an incline {see Figure 9} showed again that the conical penetrator
was relatively ineffective in producing perforation, However, when
sufficiently low values of slab thickness and penetrator diameter were
involved, four impact tests out of five with the blunt end penetrator

resulted in perforation.

The curves drawn in Figure 10 indicate the temperature profiles
along a diameter at midthickness (y = 2 in. ) of a typical test slab.
The data for each profile were recorded at given times after placing

the ice slab in the tank which contained water at room temperature.

Because of this large quantity of water, the slab temperatures
increase with time, and at particular values of time the temperatures
at points which are closest to the slab's outer edge are noticeably
higher than the temperature at the center of the slab, The latter
temperature was obtained at a point 1 in. above the bottom surface of the
slab (y = 3 in. ). This choice of thermocouple location resulted in the

slightly higher temperatures at the slab's center.

Finally, it is interesting to examine the experimental points which
have been described previously as threshold values. Thus, for Test
Nos. II-1, II-3 and IV-2, simple calculations based on Eq. (7 yield
respective values for the shear yield stress of 15.8 1b/in.3,
12.5 1b/in.® and 27.5 1b/in.®. These values, when corrected for the high
salinity content of the present test slabs, appear reasonable if compared

with field data (References 10, 11},
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RECOMMENDED FUTURE INVESTIGATIONS

The present experimental program has suggested guide lines for

wonducting future research in the mechanics of ice penetration. For

proper experiments, the following precautions are necessary:

Penetration tests should be carried out on sea ice slabs made

under the most realistic conditions possible since questions
concerning the use of a closed container to manufacture represen-
tative sea ice slabs prevented a generalization of rezults obtained
in the present study. Thus, test specimens shoyld be obtained

from artificially frozen ice sheets formed on a relatively large
volume of seawater. If necessary, the salinity of the underlying
seawater should be contrulled so that this quantity remains
constant as the ice slab freezes and the brine content of the
remaining seawater increases. In addition, the content of
dissolved gases and organic matter in the frozen seawater should
be monitored since it is known that the air bubble content of

sea ice is important to its mechanical and physical properties
(see Reference 10j.

Experiments should be performed in a cold room where both the

rate of freezing and temperature of the ice slabs can be varied.
Because the physical properties of sea ice are difficult to define,
it is not possible to work with theoretical scale models of the

ice unless properties of this substance can be studied under

controlled conditions.

Once the foregoing experimental procedure has bzen established,

a large number of tests ought to determine the effect on the penetration

process of the following variables:

ice slab

rate of freezing
temperature
salinity

brine content
thickness
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projectile

diameter

mass

shape . -

impact velocity

Of these parameters, the ice slab temperature and the projectile

impact velocity are the mc % important*; their consequences -'n the
mechanisn of penetration should be a major concern of any future test
program, In this regard, the range of values investigated should
include impact velocities up to 300 ft/sec and ile slab temperatures of
+18°F to ~15°F, Parenthetically, che impaci velocity cerresponds to a
free fall height to 1400 ft while the temperatures encompass most normal

strength sea ice.

The salinity of the ice élab per se and the diameter, mass and shape
of the projectile are believed tov be of secondary importance in the
present penetration problem., Possible ranges of values for these
quantities in future experimerts are: salinity, 2 ppm - 20 ppm;
diameter, 1/2 in. - 2 .1, and mass, 2 1b 15 lb. Both conical and

blunt penetrators shculd be employed, .

Of the remaining ice slab variables; rate of freezing and brine
content are difficuclt to control while the thickness is of minor

importance in the perforation process.

Because of the many variables involved, experimental techniques
mis* be develored to study the influence of varying iﬁdividual parameters
while the others are held constant It is possible that various
mechanisms of perforation other than shear plug ejection can result

from these tests,

ia addition to conductiﬁg a large test program on properly
manufactured test specimens and workiug in the cold room, future

planning should also take into account the following tasks:

The applicability of the model test results to tull-scale project-
iles and actual sea ice should be determined, Thus, an extensive

field test program must be conduc*ted ani the results obtained
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interpreted in relation to the findings of the model study. With
this information, relative size effects and the consequences of

employing artificial ice made from se~-iter can be evaluated. N

By recor ling resisting force-time histories during the penetration

process, a closer understanding of the mechanism of perforation -
should be gained. From these data, a mathematical formuiation of

the critical yield stress function which includes strain rate

effects can provide a more exact mathematical model relationship.

Further development of applicable mathematical models should

accompany the experimental objectives of futucre investigations. -

Since values obtained for the mechanical properties of typical .
sea ice encompass a wide latitude, emphasis should be directed
toward analyses indicating trends of behavior and the significance
of individual parameters rather than producing close agreement with
the experimental data obtained in model tests. Previous solutions
(References 12, 13), which consider the plastic deformation and
ultimate perforation of thin isotropic plates subjected to the
locading of an impacting circular cylinder, could be extended to

the three-dimensional, anisotropic ice slak to produce meaningful

results.

Investigations concerning the dynamic material properties of both
fresh water ice and sea ice are of importsnce and should be
undertaken in corjunction with any future study of the penetration
problem. Although a wide body of literature treating the static,
creep and viscoelastic mechanical properties of ice is availslle
(References 5, 10, 14), little or no Jdata are available on tke
corresponding properties characteristic of rapid loading and impact
loading. These latter cases, which introduce inertia effects to
the problem, can possibly result in values for the material
properties which differ significantly from the currently employed
static values. Well-establishad techniques for the determination

A U VN

RET AN

of dynamic properties have been pioneered in metal and ceramics

W

technologies and should be applicable to ice studiss.

IR
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The continued development of instrumentation devices that are
conceived specifically for performing measurements in ice should be
% pursued., In this regard, an embedded device which is simple in

operation, rugged and of low unit c»st should prove most useful.

Finally, consideration should be given to the penetration of ice
by methods other than falling projectiles. The feasibility of high
explosive covers, explosive charges which are arrayed in distinct
patterns to produce converging shock fronts and methanol surface

flooding to reduce the ice breaking strength, should be studied.
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