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TENSILE STRENGTH OF THE
YELLOWKNIFE ICE SHEET

SUMMARY AND RECOMMENDAT ION

The tensile strength for the Yellowknife ice sheet is 413+50 usi., This
value is based on Brazil tests conducted on 62 ice samples taken from the
Yellowknife ice cover during the 1971-1972 winter. The spread of the data
is so great that we can only make a general observation: the tensile strength
increases with increasing sample density and increasing stress rate.

In recent years, studies on the small-scale testing of ice indicated that
the Brazil test method is more applicable for strength measurements than the
currently and extensively used ring tensile test method. Future sea ice test-
ing for tensile strength should include both methods in order to obtain data
which can be correlated with the functional equations relating the tensile
strength to the brine volume. Our ultimate goal is to ascertain the proper test-
ing method needed to obtain strength values suitable for use in predicting
the safe load conditions on ice sheets.
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INTRODUCTION

Petroleum exploration and production in northern Canada's marine areas
require unique new methods to cope with the ice-clad seas. Sunoco E&P
Limited is considering the adaptation of an air cushion vehicle to an offshore
:rﬂ}inq vessel to provide an ecologically safe means of operating in the Canadian
rctic.

The feasibility of operating an air cushion vehicle through and over an
ice sheet was evaluated in a test program conducted at Yellowknife, N.W.T.,
Canada, during the 1971-1972 winter. Yellowknife, shown in Figure 1, lies
three degrees of latitude below the Arctic Circle. The test site annually
experiences an arctic type environment during the ice season.
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In support of the tests using an air cushior: vehicle, an ice mechanics
program was conducted at the test site to determine the engineering ice
properties of the Yellowknife ice sheet. Various test methods were used to
determine the following properties: tensile strength, modulus of elasticity,
unconfined compressive strength, ultimate contact pressure and locked in
stresses. The Foundation of Canada Engineering Corporation Limited (FENCO)
was retained to conduct field tests for the ice mechanics program at Yellow-
:nif:d :MA" Tuktoyaktuk [1]. A summary of their results is presented in

ppendix A.
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In addition to the tests performed by FENCO, Sunoco personnel subjected
ice core samples to Brazil tests in order to determine the tensile strength

of the ice cover. FENCO conducted their tests at the two sites shown in
Figure 2. Ice samples for Brazil tests were taken at each probe station, at
FENCO test site number 1, and at selected points in the ice sheet. A total
of 62 ice core samples were tested. A comparison of the Brazil test results
was made with the results of similar tests conducted by AMOCO on ice floes in
the Beaufort Sea [2].
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DISCUSSION OF TEST RESULTS

The tensile strength for the Yellowknife ice sheet is 413 +50 psi. The
Brazil test method was used to determine the value of the tensile strength.
This method consisted of applying diametral compression between the platens of
a compression testing machine to an ice cylinder having length shorter than
its diameter. The load was increased until the sample broke in tension along
a diametrical line connectin? the two load points and passing through the center
of the sample, A typical failure of an ice sample is shown in Figure 3. The
stress distribution in the ice sample 1s shown in Figure 4. The tensile strength
was calculated using the following equation:

oy * Kog =K [;ﬁ{—] (1)

where
oy ® tensile strength, psi
og * Brazil strength, psi
K = stress concentration factor, dimensionless
F = applied load at failure, 1bs.
D = diameter of sample, inches
L = length of sample, inches

As shown in Equation 1, the tensile :strength is the product of the Brazil
strength and the stress concentration factor. For samples containing small
holes the stress concentration factor is 6 [8]. Since the ice samples con-
tained gas bubble inclusions, the stress concentration factor was taken as 6
for the Brazil tests conducted on the Yellowknife ice samples.

The test results are presented in Table I in terms of the Brazil strength
values. These values are not biased with the stress concentration factor. Of
the 62 samples tested, seven failed to break when subjected to the Brazil test.
Some of these samples were too long thus requiring failure loads higher than
the capacity of our compression machine. Other samples seemingly absorbed
the loading enor;y and exploded apart when the load was released. The average
Brazil strength for the remaining 55 samples was 68.8 psi with a standard
deviation of 20.7 psi and a standard error [3] of 2.78 psi. A range of three
standard errors establishes a 99.7% confidence level. Using a stress con-
centration factor of 6, one obtains the average tensile strength of 413 :50 psi.

A comparison of the Yellowknife results can be made with Brazil tests
conducted on zero salinfty ice samples from ice floes in the Beaufort Sea.
In September, 1970, AMOCO cored ice floes in the Beaufort Sea and subjected
these cores to the Brazil test [2]. The results of the Yellowknife tests
lgrced quite well with the results of the Beaufort Sea tests. The distribution
of the Brazil strength values from the Yellowknife tests can be seen in the
histrogram presented in Figure §
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FIGURE 3. ICE SAMPLE IN BRAZIL TEST

TANGENTIAL STRESS
(TENSION -80% OF DIAMETER)

~ RADIAL STRESS

(COMPRESSION)
ICE SAMPLE
-~ S
, T — === o,
TENSION g COMPRESSION
LOAD

FIGURE 4. STRESS DISTRIBUTION IN ICE SAMPLE




FIGURE 3 ICE SAMPLE IN BRAZIL TEST
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TABLE 1
RESULTS OF BRAZIL TESTS

M' g. Brazil

i G K B . T

25.5 0.77
25.0 0.78
25.0 0.73
24.0 0.76

28.0
27.0
28.0

27.0
27.0
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TABLE I  (continued)

Dote  Lecatien %::M: Afr m :c T” M. unu 11
(inches). CF) (inchesy = GF3 '™ (aree)” (out roec)

12-9-7 4] 19.3 -18 9.13 25.0 0.91 10.71
P2 8.9 -18 7.50 21.5 0.9 13.67
P3 19.3 -18 10.00 23.0 0.99 n.n
P4 19.3 5.2 19.5 12.33

12-13-N 20.00
F18 13.73

F1C 22.00

F10 21.40
23.86

20.75
15.75
21.00
20.00

17.60
18.25
17.60
24.62
21.90

25.00
16.00

22.25
23.25
25.25
20.25
23.16

~N
-

P1A
P

NN
I PN ]

gggadeg ®
5338888 &

:;"ng”.:mmm
- on a a

P3 -- Location at temperature probe
P4 -- Location at temperature probe
F1 -- Location at temperature
TC2 - Location at test course No. 2
TC6 - Location at test course lb. 6
TC8 - Location at test course No. 8
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HISTOGRAM OF BRAZIL STRENGTH DATA
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Figure 5. Histogram for Yellowknife Tests
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Table 11 presents the tensile strength values of fresh water ice as
reported by other investigators using similar test methods.

TABLE 11
TENSILE STRENGTH VALUES

Strength Concentration Investigator (Ref.)
1 Factor
413 6.0 Sunoco E&P Limited
428 6.0 Dykins [4]
a2 6.0 Graystone and Langleben [5]
405 5.2 Frankenstein [6a]

An ice fabric study [7] was conducted as part of the ice mechanics program
at Yellowknife. The most significant feature of the ice cover was the strati-
fication of air bubble inclusions as shown in Figure 6.

Figure 6. Stratification of Air Bubble Inclusions
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Table II presents the tensile strenqgth values
reported by other investigators using sinilar test

TRELE

TENSILE STRENGTH

Strenqth Concentration
_psi) __Factor
413 6.0
428 £.0
412 £.0
40¢ ‘
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. As one probes deeper into the ice sheet, the thickness of the inclusion
Tayer increases but the number of inclusions decreases. At about 20 inches
into the ice cover, the inclusion layer is four to five inches thick with
air bubble inclusions spaced three to four inches apart. The ice sample
shown in Figure 7 was taken from the upgor portion of the ice sheet. One can
readily see the numerous air bubble inclusfons. In fce deeper than 20 inches,
the air bubble inclusions are apparently not present or they are widely
distributed. An ice sample from a depth of 20 inches is shown in Figure 8.

Figure 7. Ice Sample from Top Portion of Ice Sheet

Figure 8. Ice Sample From Twenty Inches Deep
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The major fabric variation in the ice sheet occurs in the upper few
inches as one rsus through the surface chill zone into the medium-to-coarse-
grained crystal zone. The major change in the ice fabric below the chill
zone was found to be an increasing complexity of the in talline boundaries.
These boundaries in the upper portion of the ice cover are simple, clearly
defined planes. In the lower portion of the ice cover the intercrystalline
boundaries are feathered one into the other.

The variations that occur through the ice will be reflected in the in-
herent s h of the ice. The large standard deviation in the determination
of the Brazil st h eliminates any possibility of relating the ice strength
to the vertical variation of the intercrystalline boundaries.

The effect of the air bubble inclusions is related to ice strength by
the density of the ice sample subjected to testing. The ice le with a
low density will have a high void volume thus it will contain a hi number
of air le inclusions. As with a orated disk, the ice sample with a
high number of holes (inclusions) will have a low strength value.

Figure 9 1llustrates the effect of sample density on the Brazil strength
of the sample. As would be expected, the Brazil strength decreases as the
density decreases.

The value of the Brazil strength is currently thought to be independent
of the stress rate for the nm":, 14 to 42 psi/soc'?:g].

The values of the Brazil strength obtained in the Yellowknife tests are
presented in Figure 10 as a function of the stress rate. The spread of the
data 1s such that only a general observation can be made. It appears that
the stress rate has some effect on the Brazil strength. The Brazil strength
in general increases with increasing stress rate.

The rature of the ice sample also has an effect on ice st h in
that strength increases as temperature decreases. The temperature of I\t
ambient air and the ice sheet temperature at the top of the core sample [12]
are given in Table I. The ice samples were normally tested within 20 to
30 minutes after being removed from the ice sheet. The actual temperature
of the ice sample at ting was less than the ice sheet temperature but
certainly not that of the ambient air temperature. hmala speaking, the
center temperature of the ice samples can be assumed to be within 5% of the
original t-rutun if the test is performed within approximately 10 minutes
after removal from the ice sheet. For the center temperature to reach 95%
of the ambient afir ature, the ice sample must sit for approximately
3 hours. Because of the uncertainty of the ice sample temperature, a plot of
Brazil strength as a function of temperature is not presented in this report.
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BRAZIL STRENGTH VS DENSITY
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BRAZIL STRENGTH VS STRESS RATE
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Figure 10. Brazil Strength vs. Stress Rate
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the Brazil ?tmcmmomlustmsmmn
ice le (see Figure 4). This ncrd is a highly success-
ng tensile s in rocks :k When ml¥
conducted, the Brazil test gives a good approximation to unfaxfal tensile
strength, at least in rocks. The Brazil test appears to be relatively insensitive
to inelastic behavior and non-linearity. However, the Brazil test is not widely
used in the study of ice strength. The ring tensile test has been extensively
especially sea ice k}. The ring tensile test is a
Brazil test with a hole in the center of the samp

The merits of 11 test and the ring tensile test have been
Mellor and Hawkes [9]. They corcluded that there are several serious objections
to the ring test whi u::r to completely invalidate it as a practicable test.
Brazi) test fares no better in their judgement as they point out that the
gum muz: & Griffith- : :.rﬁ':l’. m‘c:‘ g" the ﬂ: for the Brazil
appear e ne, comparison was made
by Nevel [10].  Nevel concluded that the Brazii test is preferable for
measurements and that the ring tensile test may be a potentially
determining Young's modulus. P recent s on analysis of the small-scale
strength testing of ice, Maser HS points out that the ring tensile test provides
a poor index for bulk ice strength, and its continued use for such a purpose is
not recommended. Masur states that the potential use of the Brazil test is much
more promising than has been generally assumed.

It appears that the Brazil test method even with certain inherent problems

of { tion has more merit for st th measurements than the ring tensile
test currently in extensive use. average value of the Brazil strength
for the Yellowknife ice cover ides an adequate basis for estimating the tensile
st of the ice even the value of the stress concentration factor is

the biasing number.
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SUMMARY OF FENCO'S TESTS

Table 111 presents a sumary of the results obtained by FENCO [1].
Various test methods were used to determine the follow! - io.o::J
unconfined compressive strength, elastic modulus and

The elastic modulus was evaluated directly from the encastré beam tests
and indirectly from the pressure meter tests. The sure meter test system
consists of a pressure cell that is lowered into a le and expanded to
contact and T:cu inst the borehole wall, registering the stress-strain
uruu. elastic and plastic ice properties are deduced from the pressure-
relative volume change curves.

The maximum contact or bearing pressure was determined using rectangular
plates and circular plates. The tests yielded results which are indicative of
the strength which the ice is capable of developing when 1t is subjected to
foundation type loading.
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