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INTRCDUCTION

The following report is a presentation of experiments conducted for the
purpose of determinning tensile and shear strergth of naturel and "artificiz1"
ice, in a cold room of the Engineering School of the University of Michigan,
Ann Arbor, Michigan and aboard the U. S. Coast Guard Cutter Mackinew. The
experiments were carried out at the request of the U. S. Coast Guard. Extensive
research into the literature showed that even though much is known about the
physical properties of individual ice crystels, (NW. E. Dorsey;/), only little
is ¥nown about the strength of ice in tension and shear. The only extensive
data aveilable is that of E. Browng/ and John XN. Finlayson}/ who determined
the tensile strength and shear strength of natural ice respectively by means
of experiments similar to those of the writer.

The writer wishes to express his appreciation to Dr. James T. Wilson of
the University of Michigan for giving the writer the opportunity to conduct
the experiments and for his kind help and encouragment. The writer also wishes
to thank Mr. Richerd Strong of the University of Michigan for his information

on availeble literature.

SUMMARY
Experiments were carried out in a cold room of the Engineering School

of the University of Michigan, Ann Arbor, Michigan, and aboard the U. S.

Coast Guard Cutter Mackinaw to determine the tensile snd shear strength of ice
when subjected to loads acting parallel to the direction of the crystal axes
of the ice. Ice specimens for these two sets of tests were obtained by
freezing water in a box whose inside walls were lined with excelsior or sponge
rubber padding which absorbed the expansive forces of the weter upon freezing.
Other ice specimens were obtained from ice cakes picked up from the Meckinac

Straits region of Leke Michigan. All ice cakes, both at Ann Arbor and on the
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Coast Guerd Cutter Mackinaw were cut into specimens by mezns of an eight point
carpenter's rip saw. A miter box was used for sawing up ice into shear test
specimens. Testing of ice beams for tensile strength was accomplished by
gsubjecting the beams to bending forces in a simple test apparatus. The
apparatus consisted of two I-beams connected by four tie rods; one I-beam
being mounted on a saw horse for steadiness, and also for placing the system
in an upright position. A hydrsulic jack wes placed and secured on the lower
I-beam. A crosshead wes fixed to the rem of the jeck and the ice beam layed
upon it. The ram was then raised until the ice beams rested against two wooden
blocks fastened to the under side of the upper I-besm and appropriately
spaced. The ice beam was then centered and tested.

For shear test experiments the hydrsulic Jjack was removed and a sheer
box fastened to the lower I-beam in its place. The ice specimen, with its
erystals vertical, was inserted into this box, a piston placed on top of it
and a hydrzulic jack set on top of the piston. The system was centered and
the ice specimen tested, the rem of the jack acting agrinst the underside of
the upper I-beam.

From these experiments it was found that the tensile strength of ice
increases with decreasing temperatures below 32°F. At 320 ¥ the aversge
tensile strength of ice was found to be 180 p.c.i. The average shear strength
of ice was 98 p.s.i. Experimental evidence indicstes that this average value
does not vary with temperature.

Studies of thin sections of Lake Michigan ice revezled that the crystels
of the ice were zpproximately perpendicular to the surfsce of refriger=tion
and that the size of the crystsls increased with depth. The lergest crystals
measured were 1.,5% in diameter and the smallest 0.1" in diameter. Comparison
studies of thin sections of the artificizl ice disclosed similer crystal

structure.
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Methods of Freezing and Prepsration of the Test Specimens.

Boxes Employed in the Freezing of the Water: As the freezing of ice in

ordinary containers, such as metal trays, would csuse the ice to bulge upward
and crack in various plasces, due to a three percent linear expsmnsion of the
ice upon freezing, it was necessary to find a method of freezing either tap or
distilled water so that the ice obtained from it would resemble as closely as
possitle natural lake ice both in crystzsl structure ard strength.

The problem was readily solved by constructing a wooden box out of 1 1/8"
thick maple and whose inside dimensions were 50" x 26" x 7". The pieces were
both glued and screwed together. In order to absorb the expansion of the ice,
the inside walls of the box were lined with excelsior three inches thick, see
Figure 1, page 4. fTo meke the whole set-up water tight, a thin rubber sheet
was fastened to the edges of the box and allowed to completely cover the bottom
and excelsior lined walls of the box. This method proved highly sztisfzctory,
for no leakage could be detected and the excelsior took up the expsnsion of the
ice quite readily.

The ice cakes obtained by freezing water in this box were marked by smooth
flat surfaces and no flaws or cracks could be detected.

To fecilitate easy removal of the ice czkes from the box, which, on the
average, were four inches thick, handile bars were introduced into the water
along the long edges of the box and allowed to remain in the water while it
was freezing as is shown in Figure 3, page 5.

During later stages of the experiments it was decided to change to smzller
specimens. Another box was therefore constructed, agein from 1 1/8&" thick
maple. The inside dimensions of this box were 26" x 10" x 4¥, 1In this case,
however, the long inside walls were lined with 4" thick sponge rubber padding,
while each end wall was lined with two 4" thick rubber paddings, see

Pigure 2, page 4. Again a thin rubber sheet was allowed to cover both the
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other at 32° P. Since it would have been rather difficult to maintain the
temperature of the cold room at 320 F, the specimens were tsken into a room
at approximately 70° F and allowed to remain there until the surfaces of the
ice beam just began to melt. Temperature measurements on separate test
specimens showed that when this condition was reached, the center of the beam
would then be at 32° . The time required for the specimen to warm up to
320 F was approximately 30 minutes. Once the specimen had reached this
condition, it was taken back into the cold room, measured and tested at once.
The temperatures of the specimens tested aboard the Mackinaw were the
same as the air temperature which varied from 25° F to 10° F during the time
of testing.

Results of Bending Tests: Results of the bending tests are given in

Tables I and II. Table I contains the results of ice tested at Ann Arbor
while Table I1I gives the results of experiments on Leke Michlgan ice.
Table III presents the results of similar bending tests of St. Lawrence
River ice carried out by E. Bro g/. The data of Tables I, II and III are

shown plotted in Figure 7, page 11.

Table I.

Restilts of Bending Tests of "Artificial" Ice.

320 F -Q0 p
126 p.s.i. 226 p.s.i.
133 » 226 M
4 # 231
154 2ug
167 256 »
168 261
190 273
191 286 W
204 w 296 #
240
266 "

Average: 180 p.s.i. 255.5 p.s.i.
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Teble II.

Results of Bending Tests of Lake Michigan Ice.

200 F 15° ¥ 12° F
150 p.s.i. 220 p.s.i. 183 p.s.i.
181 ¢ s | "

260
Table III.

Results of Bending Tests of St. Lawrence River Ice.

29° ¥ 15° 7
126 p.s.i. 177 p.s.i.
13 " 178
13 " 191 ¢
43w 201 *
158 ® 202
177 f 203 "
193 0 205 "
197 : gog :
200 2
210 " 230 "
229 " 237 "
306 311 "

Average: 184 p.s.i. 214 p.s.i.
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To calculate the various values, the following formula was used:

F'
P
a d ad ‘
4
T |F
b ! <o
A ¢ __Jce | 4 A
T 1
» X <jo¢
4 t
! !
{ ~—b

M= %‘-’- pound inches

where M = maximum moment which can be carried by a beam with J 1nches""
of moment of inertia and y inches greatest distance from center of
gravity to outer fiber, without exceeding an intensity of stress of
f p.s.i. in the outer fibver.

f= M—' 7 y p-s.i-

Mpax = Pa
= F Lé;j:pound inches

(1) f=%F%é}p&d.

Conclusions of Bending Tests: By averaging the results at the different
temperatures, it was found that the aversge tensile strength of an ice beam
increases with decreasing temperature according to the following relation:

(2) f w240 -1.77~0.01 1 where

f = tensile strength in p.s.i.
T = temperature in degrees Fahrenheit

Results of bending tests of the Lske Michigan ice were not used in

deriving the above expression. The equation indicates thzt the slope of
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the curve plotted in Figure 7 will diminlsh at low temperatures indicating
that a practical limiting tensile strength value of ice at very low tempera=-
tures is reached. TFrom Figure 7 it may also be noted that at lower tempera-
tures the tensile strength of ice 1s much more consistent for individual
specimens than at temperatures near the freezing point.

Since all the specimens failed between the blocks B and B' of cross-head
A, the values as given in Tables I and II are taken to represent the tensile
strength of ice beams with the rystal axes of the beam parallel to the
direction of force.

No experiments were made with the crystal axes perpendicular to the
direction of force application. Experimentzl results obtained by Brown
show no differences in tensile strength of an ice beam with its crystzl axes
perpendicular to the force. This is to be expected since in either case the
crystels are pulled apart point for point. It may be noted here that the
tensile strength of the lske ice f=1lls well within the limits of that of
artificisl" ice. The word "artificisl! is used rather loosely as the ice
tested at Ann Arbor was frozen under conditions which closely resemble natural
environments. In particular, the ordinary confining forces of tray ice were
eliminzted, as has slready been shown.

It would therefore be quite reasonable to assume that the curve repre-
sented by equation (2) in Figure 7 gives the average tensile strength of
natural ice at any one temperature value below 32° F.

Determination of the Shear Strength of Natural Ice.

Description of Test Apparatus: The test apparatus described in the

previous section was adopted for shear tests by replacing the hydraulic jack
with the shesr box shown in Figure &, page 14. Parts A and A' were separated
3", The she=zr box and the rectangular piston E were faced with quarter inch

thick brass plates D, C, and ¥, as shown. The edges of plates D served as
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guides for the piston E. Approximately 0.003" clearance was allowed between
the edges of plates D and the piston E. Side wall B was slotted for observa=

tion of the ice specimen during testing.

Method of Testing Ice Specimens: To determine the shear strength of
ice, the ice specimens, whose preperation hes already been described, waes placed
in the shear box with its crystals vertical and centered with relation to the
opening between parts A and A'. Piston E wes then inserted with its brass
feced side resting on the specimen. A hydraulic jack capsble of delivering
up to 2000 1lbs of force wess then placed on top of the piston, the ram pumped

out until it berely touched the upper I-bezm, see Figure 9. The ram was

» |

\ I!Ill Beam (

: .

Hydraulic Jack and Ram

//ﬁ,?iston E
4 Ice Specimen
A\ C\ . . 4{9 . /A
_ | | 1
\ "I" Beam S
L AY

Figure 9. Diagrematic cross-sectional view illustrating the method
of testing the ice specimen.
then centered so that it would be perpendicular with respect to the piston and
its longitudinal center line would coincide with the verticzl center line of
the piston. Once the system was adjusted, the specimen was subjected to
increasing forces until it failed.

Temperature Variations Imposed Upon the Specimens: As in the bending

tests, the only condition imposed upon the specimens wss that of temperature
varistion. At Ann Arbor, specimens were tested at temperatures of 320 F, § 2° F,
and - 10° F. To warm specimens up to 32° F, the procedure zlready outlined |
was followed. Also, the temperstures of the Lske Michigen ice specirmens

were again at air temperature and coincided with those of the ice beams.
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Results of Shesr Test Experiments: Resulte of the shesr test experiments

are given in Tables IV and V. Table IV gives the results as obtained from

experiments carried out at Ann Arbor. Tesble V gives the result of experiments
on Lake Michigan ice. In addition, Table VI gives the average shear strength
values of river ice with its crystals parellel to the direction of application

of force at various temperatures as obtained by John ¥. Fin]aysonzj.

Table IV.

Results of Shezr Tests of WArtificisl" Ice.

32° F 2° F -10° ¥

6.5 p.s.i. 5% p.s.i. 65 p.s.i.
g85.5 ¢ 59 # 70
82 " 70 v g ¢
89.5 77.5 g1.6 ®
100 n gg " 113 ®
102 * 91.5 122 "
103 ST 135 "
115 " 112 153
126 " 116 160
161 " 120 # 173 ¥

Aversge: 9l p.s.i. %0 p.s.i. 115 p.s.i.

Table V.

Results of Shear Tests of Lake Michigan Ice.

20° ¥ 15° F 120 7
*39 p.s.i. *4g p.s.i. 4N p.s.i.
65 "o ™o 66 v
gg 80 f g2 ¢
#g] n
8 2 i
86
103 "
Average: 64 p.s.i. 79 p.s.i. 74 p.s.i.

*Tzlues starred represent the shear strength of specimens which were
taken for the very top of the lake ice and contained about an inch of
cloudy ice with no apparent crystal structure and with quite = few
a2ir holes., ‘
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Table VI.

Average Shesr Strength of Hiver Ice Tested by Finlayson

Temperature Shezr Modulus
290 F 101 p.s.i.
280 F 102 "

260 F gg
g 7 99 "
50 F 91
4o g 94

-0 F 101 "

The average shear strength values of Tebles IV, V and VI are plotted in
Figure 10, page 18.

The following formula was used for calcultaing the various values:

¥
(3 §= & 3 P-s-i. where
F = pressure indiczted on Jack gage
b = width of specimen
h = thickness of specimen

Conclusions Reached From the Experiments: The aversge shear strength

velues of ice tested at different temperatures did not show any definite
relationship between the shear strength and a decreese or increase of tem-
perature. Disregarding the values of the Lake Michigan ice, because of the
cloudy ice in some specimens, Figure 10, page 18, shows that the average shear
strength of naturzl ice is 9% p.s.i. at any temperature below the freezing
point. This conclusion is in close agreement with that of John XN. Finlayson
who states that the shear strength of ice is independent of tempersture.
Table IV brings out the fact that the shear strength of individual specimens
near the freezing point fzll within a much closer reange of the averzge shear
strength value than do those at lower temperatures. However, the writer
feels that if the experiments were carried out to a higher degree of =zccuarcy,
2 veriation of shear strength with a varying temperzture would be found;

the strength of ice in shear being higher at lower temperatures.
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Relationship Between Shear Stress and Tensile Stress: The shear stress

and the tensile stress to which a fiber of the ice is subjected is 2s follows:

Fron (1) F=.§_r‘1’—1‘-‘§—d——- 1bs.
From (2) F= % S bh 1bs.
f = KS where
K:g&l];_"g.).

If we take f = 184 p.s.i. at 29° F, Table III, and S = 98 p.s.i;, we find
that K = 1.88. Thus, if Eﬁliz.il > X = 1.88, the beam, when subjected to
bending forces, should feil in tension within the blocks B 2znd B' of Figure 6.
This is evident from the fact that the tensile stress of = fiber increases
1,88 times as fast as does the shear stress. Therefore, in conducting the
bending tests, blocks B, B!, and C, C' were so spaces that for a given thick-
ress of the ice beam gil.i.ﬁl would always be > K,

Crystal Size and Form of Natural Ice.

Method of studying Naturel Ice: To study the crystel size and form of

natural ice, blocks of the Lske Michig:n ice were cut into 5/8" thick slabs
parzllel to the surface of refrigeration. Each specimen was then placed
on a stand between two ten-inch poleroid disks with thelr trsnsmission
directions at right angles. Each specimen was photogrsphed after slight
melting of the ice surfaces haed rendered it perfectly transparent. A light
box was used for a uniform light source. The negetives were mounted as
lentern slides. The slides, with a scale, were projected on & screen and
the size and distribution of the crystals determined.

Comments on the Crystal Size, Form, and Distribution of Natural Ice:

The study of sections comprising a complete vertical section of the lske ice
revealed that the size of the crystals increcsed with depth. In every case .

the first inch of the upper-most surface of the ice was found to consist of
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cloudy ice with numerous air holes and no macroscopic crystals. Below this
layer small crystals were visible. The size of the crystals incressed down-
ward while the number decreased. A typical section is reproduced in Table
VII, while Figure 11 gives the corresponding pictures.

It may be noted here that as the crystals became larger intergrowth of
the crystals became very common.

As for crystal form, Dorsey states thet inEll probebility the crystals
of natural ice belong to the bipyramidal class of the hexagonel system.
Yhile no such definite form was observed in any section, suggestions of the
hexagonal form were frequently found. Furthermore, studies revezled that the
crystal wells were practicslly perpendicular to the surfuce of the ice.
In most czses the major crystal axes were within 8° of the vertical, and in
only rare instances were they off by 126 or more from the vertical. The
larger crystals were found to be continuous in depth while the smaller were

found between the larger ones and wedged out over = relatively short intervsl.

In some cases it was also found thet small crystals had formed in the larger

ones.,
Table VII.
Yo. of
Section Position of Section Size of Crystals in Diameter
1. Very top specimen. Cloudy ice. No visible crystals.
2. 1" from the top. Average diameter = .2".
3- 2" from the top. Average dia. of all other xls = L
Large x1s = 1.2" average diameter
4, 6" from the top. g;:;gmxiis=='5§" : :
Very small xls = 15" av. dia.
5. g" from the top - Average diameters same as in

bottom specimen preceeding section.
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