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PLANE-STRAIN COMPRESSIVE STRENGTH OF
COLUMNAR-GRAINED AND GRANULAR-SNOW ICE*
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K1A oR6, Canada)

ABSTRACT. An ice cover impinging on a long straight structure is assumed to be under a condition of
plane strain. A technique is described for performing plane-strain compression tests, and results are presented
for the strain-rate dependence of strength. The plane-strain compressive strength of ice having anisotropic
structure (columnar-grained ice) is at least two and a half times the uniaxial compressive strength, whercas
the plane-strain compressive strength of ice having an isotropic structure (granular-snow ice) is at most
25% greater than the uniaxial case. The greater plane-strain compressive strength of columnar grained ice
when the loading and confining directions are in the plane of the ice cover, can be attributed to its anisotropic
structure, which leads to a different failure mechanism for the plane-strain case.

RESUME. La résistance d la compression biaxiale de la glace colomnaire et de la glace de neige. Une plaque de
glace, poussant contre une structure longue droite, est supposée étre en conditions de compression biaxiale.
Une technique est décrite pour effectuer des essais de compression aux déformations biaxiales. Les résultats
sont donnés sous la forme de la résistance en compression biaxiale en fonction du taux de déformation. La
résistance en compression biaxiale de la glace anisotrope (cristaux colomnaires) est au moins 2,5 fois plus
grande que la résistance en compression uniaxiale. Au contraire, la résistance en compression biaxiale de la
glace isotrope (glace de neige) est au plus 25%, plus grande que la résistance en compression uniaxiale.
La plus grande résistance 4 la compression biaxiale de la glace colomnaire, ol les directions de la poussée et
de la réaction sont dans le plan de la plaque de glace, peut étre attribuée a sa structure anisotrope qui se
caractérise par un mode de rupture différent dans le cas de la compression biaxiale.

ZUSAMMENFASSUNG. Jweidimensionale Druckfestigheit von sdulenfirmigem Eis und Schnee-Eis. Bei einer Eisdecke,
die gegen eine lange gerade Struktur stésst, wird ein chener Verformungszustand angenommen, Es wird
eine Technik beschrieben, wie dieser ebene Verformungszustand erzeugt wird. Es werden Ergebnisse
mitgeteilt iiber die Abhangigkeit der Festigkeit von der Verformungsgeschwindigkeit. Die zweidimensionale
Druckfestigkeit des anisotropen Eises (siulenférmige Kristalle) ist mindestens 2,5-mal grasser als die einaxiale
Druckfestigkeit. Dagegen ist die zweidimensionale Druckfestigkeit des isotropen Eises (Schnee-Eis) hischstens
25% grosser als im einaxialen Spannungszustand. Die hohe zweidimensionale Druckfestigkeit des sdulen-
formigen Eises, bei der die Belastungsrichtungen in der Ebene der Eisdecke liegen, ldsst sich mit der aniso-
tropen Struktur des Eises erkliren, die in diesem Falle zu unterschiedlichen Bruchmechanismen fiihrt.

INTRODUCTION

When a floating ice cover acts against a structure it can be assumed that in certain circums-
stances the ice in the contact area is under a condition of plane strain. One such example is
where an ice cover is in uniform contact with a long straight wall. Both model studies in the
laboratory and field observations indicate that the zone in front of a pile is also in a confined
loading state, if not in a perfect state of plane strain (Hirayama and others, 1975; Croasdale,
1974). Theoretical studies of ice forces on structures have indicated that the existence of the
plane-strain condition would be a significant factor in determining design ice loads (Assur,
[1972]). Information on failure strength under biaxial loading is also required in the evalua-
tion of yield criteria postulated for ice (Reinicke and Ralston, 1976).

This paper presents results of observations on the strain-rate dependence of the plane-strain
compressive strength of ice having both anisotropic (columnar-grained ice) and isotropic
structure (granular snow ice). The strength and deformation behaviour of the two ice types
for the plane-strain condition are compared with each other and with that for the uniaxial
case. The apparatus used and special measures taken to simulate the idealized load condition
are described.

* Paper presented at the Symposium on Applied Glaciology, Cambridge, England, September 1976.
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DESCRIPTION OF TESTS
Apparatus

Plane strain has been defined as a condition where flow is everywhere parallel to a given
plane and independent of position normal to that plane (Hill, 1950). Stated another way,
the strain in one of the coordinate directions should be zero; but in practice this ideal is
difficult if not impossible to achieve. For the present investigation the apparatus was con-
structed so that strain in the confined direction was one-tenth the value it would have in
uniaxial loading.

The sub-press constructed to produce this condition of “plane-strain” compressive loading
is shown in Figure 1. Passive confinement of a right rectangular prismoidal specimen on two
opposite faces generated this loading condition. The actual degree of confinement achieved
will be discussed in the following section.

The distance between the confining sides of the sub-press was fixed at 101.2 mm; they
were parallel to better than 0.02 mm, perpendicular to the bottom surface of the portal, and
finished by surface grinding. Actual dimensions of the sub-press are shown in Figure 2.

A universal test machine of 100 kN capacity was used to apply loads to the sub-press.
The machine has a stiffness of about 100 MN/m and is capable of cross-head rates ranging
from 0.84 % 1075 to 0.83 mm/s. Linearly variable differential transformers were used to
measure motion of the upper platen and lateral expansion between the confining columns.

e

Fig. 1. Plane-strain compression sub-press in test machine.
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Fig. 2. Schematic of plane-strain compression sub-press.

The load cell in the test machine measured the load applied to the upper platen. Continuous
records of load and deformation were made during each test.

A previous study (Frederking, unpublished) had indicated that friction between the
specimen and the confining columns could affect the observed strength values, and a technique
was developed to determine whether this was so. It involved placing a low-profile load cell
at the bottom of the sub-press opening (Fig. 2) to measure the load applied to the bottom of
the specimen independently of that applied to the top. The difference between the two loads
would equal the net friction force developed on the confined sides of the specimen. These
observations showed that friction influenced the results, and measures were therefore devised
to reduce its effect. Thin sheets of various polymer materials placed between the specimen
and the confining sides of the sub-press proved to be satisfactory in reducing friction effects
to an acceptable level.

Specimen preparation

Tests were performed on columnar-grained ice, with axes of crystallographic symmetry
tending to be perpendicular to the long axis of the columnar grains, and on granular-snow ice
with random orientation of the crystallographic symmetry axis. The two ice types are
referred to as S-2 and T-1, respectively, according to the classification of Michel and Ramseier
(1971). S-2 ice was grown from the local drinking-water supply in a cold room with an air
temperature of —10°C. Average grain diameter on a plane perpendicular to the long
direction of the columnar grains was 5 mm; density was in the range 910 to 917 kg/m3,
The T-1 ice was recovered from a naturally formed ice cover of a local water body. Because
of the manner in which snow ice is formed there was some banding, i.e. the grain size was
uniform in the plane of the ice cover but varied with depth. Grain diameter was 1 to 2 mm,
and density in the range 860 to 89o kg/ms. Small grain-size was generally associated with
higher density. Specimens that did not fall within these ranges of density were rejected.

Specimen preparation, storage, and testing all took place in a cold room in which the
temperature was maintained at —104-0.1°C. The specimens were right rectangular prisms
with nominal section of 50 mm % 100 mm and length 200 mm. Two types of specimen were
prepared: A-type in which the loading and confining directions were in the plane of the
surface of the ice cover, and B-type in which the loading direction was in the plane of the ice
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cover and the confining direction was normal to that surface (Fig. 3). The confined sides of the
specimen had to be machined precisely (to better than o.02 mm) so that they would fit
exactly into the sub-press portal. This was accomplished on a large commercial milling
machine with special jigging techniques and, most important, skill and care on the part of
the machinist.
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Fig. 3. Schematic of two specimen types (the 1- and g-coordinate directions are perpendicular to the direction of growth).

Test procedure

The sub-press was used in two modes: a confined one yielding plane-strain compression
and an unconfined one yielding uniaxial compression. In the plane-strain mode the
50 mm ¥ 200 mm faces of the specimen were in contact with the side walls of the sub-press
opening. For the uniaxial mode the specimens were rotated go° about their long axis in
order to avoid contact with the sides of the cavity. The uniaxial mode provided base-line data
so that plane-strain and uniaxial compressive strength could be compared. In both the plane-
strain and uniaxial mode no rotation of the loading platens was permitted, i.c. the platens
were initially parallel and remained so during the test. Load was applied to the specimen at a
nominally constant rate of cross-head motion until the specimen was crushed, in cases of
brittle failure, or until a strain of about 29, was reached in cases of ductile failure.

REesvurTs
Treatment of data
Very simple definitions of stress, strain and strain-rate were used for analysing the results.

Stress is given by

o = P|d, (1)
where P is the applied load and A the initial cross-sectional area on which it is applied.
Strain is given by

e = ufly, (2)
where « is the deformation and [, is the initial length over which deformation was measured.
Strain-rate is given by

£ = i‘ﬂo: (3)
where # is the deformation-rate and [, the initial length over which the deformation-rate was
measured. The coordinate directions for stress, strain and strain-rate are indicated in Figure 3.

Strength is defined as the maximum stress measured during a test and strain-rate at yield is
defined as the corresponding strain-rate at maximum stress.
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To evaluate friction effects, load on both top and bottom of the specimen was measured
(Fig. 2). The average stress applied to the top of the specimen is oy and the average stress on
the bottom, o;. Strength and stress values in this paper are the average of gy and 6, unless
otherwise noted. The average shear stress developed on the sides of the specimen as a result
of friction with the confining columns of the sub-press is determined from the difference
between stresses o, and oy.

Columnar-grained ice, type S-2

Figure 4 presents the results of an earlier investigation during which the effect of friction
was not taken into account. Five preliminary measurements to demonstrate this effect are also
included. Each result involves two data points joined by a curved line; the lower point is oy
and the upper, 6;. The difference between the two stresses increased with increasing strain-
rate from about 15%, to about 409, of the applied stress.

i G R RSB A | G TR | L IR | SRR =k I
20.0=  S|DE FRICTION TESTS . 5
. ,b
% = o’ e * [} = » s E
A ol e ﬁ .
= I~ . -1
:3 I~ . [ ] —
= — 8 Al
o .
= -
wn — q -
= i ]
- | 3j
1 I

Lol AT | =i ]

STRAIN RATE , 51
Fig. 4. Preliminary resulls of strain-rate dependence of strength ; S-2 columnar-grained ice, — 10°C (Frederking, unpublished),

A series of tests was carried out to evaluate the effectiveness of various friction-reducing
materials. Polytetrafluoroethylene of 0.20 mm thickness and polyethylene of 0.15, 0.10 and
0.05 mm thicknesses were tried (Table I). It may be seen that polyethylene is more effective in
reducing friction (to less than 5%, of the total applied load), but that film thickness in the
range investigated has no significant effect. Surprisingly, polytetrafluoroethylene is less
effective. Based on these evaluations a 0.15 mm thick polyethylene film was used as the
friction-reducing material for the plane-strain compressive loading condition in the current
series. T'wo other conclusions can be drawn. First, the average stress where no friction-
reducing material is used is a reasonably accurate measure of the average plane-strain
compressive strength. Second, the strength of the small-grained (1-2 mm) S-2 ice is about
15% greater than the medium grained (5 mm) S-2 ice.

Two types of specimen were used to obtain the results presented in Figure 4: A-type and
B-type as described earlier. They were tested under two loading conditions: uniaxial com-
pression and plane-strain compression. The strength for the A-type specimen with loading and
confining directions in the plane of the ice cover was substantially greater for plane-strain
compression than for uniaxial compression. For the B-type specimen (loading direction in
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TaBLE I. EVALUATION OF FRICTION-REDUCING MATERIALS, S5-2 COLUMNAR-GRAINED ICE,
3.33 X 1073 mm/s CROSS-HEAD RATE

Friction reducing Strength Strength Average Grain
material Thickness Oa or Difference strength diameter
mm MPa MPa % MPa mm

none 11.2 8.3 36.0 0.8

PTFE* 0.20 10.2 9.1 11.8 9.7

PTFE 0.20 10.0 Q.1 9.9 9.6 5

PET 0.15 9.6 9.2 4.2 9.4

PE 0.15 10.0 9.6 4.2 9.8

PE 0.15 11.7 131 4.7 11.4

PE 0.10 11.2 10.5 5.7 10.8 iy

PE 0.05 11.6 11.0 4.6 1.3 L
none 12.8 9.1 29.0 10.9

* PTFE polytetrafluoroethylene,
1 PE polyethylene.

plane of ice cover and confining direction normal to the surface of ice cover) there was no
difference in strength for the two loading conditions. The results for plane-strain compression
of the A-type specimens can only be considered in a qualitative fashion because no corrections
for the effect of friction can be made on them. It is clear, however, that the anisotropic
structure of type S-2 ice has a substantial effect on its plane-strain compressive strength.
The strain-rate dependence of strength (mean of 6, and o) for type A specimens in the
current test series is presented in Iigure 5. Plane-strain compressive strength is greater than
uniaxial compressive strength by a factor of about four at a strain-rate of 1077 57! and a factor
of two at a strain-rate of 10~* s~ In this range of strain-rates the deformation behaviour was
ductile, with the exception of one test result noted in Figure 5. Uniaxial compression tests
at —10°C indicate that as strain-rate increases from 10~*s~* to 1073 s~ behaviour changes
from ductile to brittle, and that maximum measured strengths occur in this range (Gold, 1973).
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Fig. 5. Strain-rate dependence of strength ( friction corrected) ; $-2 columnar-grained ice, A-type specimens, — 10°C.
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Although it was not possible to carry out plane-strain compression tests at strain-rates
higher than 2 X 10-4 s~ owing to limitations in the power capacity of the test machine, it is
probable that the transition from ductile to brittle failure occurs at about the same strain-rate
as for the uniaxial load condition.

o] €\%
e (e—) ; (4)
0 0

The equation
where ¢, is an arbitrary constant and ¢, and & are constants (determined from a regression
analysis), was fitted to the data. Figure 5 presents the best-fit lines for the two sets of data.
The equation of the line, for the uniaxial case (with a correlation coefficient of r — 0.99), is

g € 0.299
96.3 MPa (1 s_‘) ‘ (5)
and for the plane-strain case (with a correlation coefficient of r — 0.96)
fel € 0.194
83.4 MPa (I s") ' ©)

These expressions are applicable only for the range over which they have been determined,
Le. strain-rates from 1077571 to 10451,

Stress—strain curves for plane-strain compressive loading at several strain-rates are
presented in Figure 6. As strain-rate increases there is an increase in the strain associated with
yield stress. For purposes of comparison a uniaxial compression loading curve for strain-rate
1.67 % 1075 57" is also plotted. It shows that the strain at failure for the plane-strain case was
about three times that for the uniaxial case. In general, at all strain-rates the plane-strain
yield strain was greater.

Visual and auditory observations of crack formation were made during the course of each
test. For both uniaxial and plane-strain compression, cracking activity in S-2 columnar-
grained ice during the initial portion of load application was similar, i.e. vertically aligned
cracks running parallel to the direction of the long axis of the grains formed and eventually
coalesced in shear bands running between opposite corners of the specimen. Audible sound
was associated with the formation of each crack. The appearance of these shear bands
coincided with the maximum stress in uniaxial compression. For plane-strain compression,

20|r=|1||||]ir
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—
[
III]iTIIl\IIi]II'T

STRESS, MPa

STRAIN, m-m !

Fig. 6. Plane-strain compression deformation behaviour; S-2 columnar-grained ice, A-type specimens, — 10°C (dashed line
indicates uniaxial compression, ¢ — 1.67 % 105 gt
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however, the lateral confinement of the sub-press forced the ice to deform in the long direction
of the grains. As stress increased, cleavage cracks formed and propagated in a plane perpendi-
cular to the long axis of the columnar grains; the sound associated with their formation was
distinctly different from that of the initial cracking. The maximum compressive stress observed
was associated with extensive development of such cracks. Similar cleavage cracks have been
observed in the field (Haynes and others, 1975; Schwarz, unpublished). At this point the
specimen was no longer transparent but had a uniform, white, translucent appearance. At
very low strain-rates, less than 1076 571, it developed a cobble-stone appearance that could be
explained by slip on the crystallographic planes within individual columnar grains. Figure 7
shows the extremely textured surface of a specimen that has undergone a 1.5% strain at a
rate of 1.67 X 1077 57,

Fig. 7. Textured surface produced by plane-strain deformation of S-2 columnar-grained ice, strain-rate 1.67% 1077574,
strain 0.015.

As mentioned earlier, the sub-press was designed to reduce strain in the confined direction
to one-tenth the value it would have in unconfined compression (assuming isotropic elastic
behaviour for the ice and a Poisson ratio of 0.33). During tests to evaluate the effect of
varying thicknesses of polyethylene sheets, displacement transducers were mounted across the
confining columns of the sub-press (Fig. 1). Deformation in the confined direction (1-
coordinate direction) was measured at the mid-point so that the average value of ; would be
somewhat less. The results of these measurements are presented in Table II. Both strength
(i.e. maximum stress) and corresponding strain at yield were very similar for the four cases.
The confined strain, ¢;, was about three times that predicted from the original assumptions.
The following could account for the discrepancy: (1) The sub-press was not so stiff as had been
assumed because the confining columns were attached to the cross-members by bolts that
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deformed elastically during the test. (2) The ice did not behave as had been assumed and
probably had a higher effective Poisson ratio than o.33.

TaBrLE II. MEASUREMENTS OF CONFINEMENT ACHIEVED BY SUB-PRESS, S-2
COLUMNAR-GRAINED ICE, 3.33 % 1073 mm/s CROSS-HEAD RATE

Strain at yield

T hickness of o €1y
friction reducing Slide load direction  confined direction
material Strength [friction X 102 X 10
mm MPa o4
none 10.9 20.0 0.70 0.94
0.05 11.3 4.6 0.80 0.97
0.10 10.8 5.7 0.72 0.93
0.15 11.4 4.7 0.81 1.05

Granular-snow ice, type T-1

Twenty tests were carried out on T-1 ice: eight uniaxial and twelve plane-strain com-
pression. For all the plane-strain compression tests 0.15 mm polyethylene sheets were used to
reduce friction on the confining sides of the sub-press. The difference between g, and o, was
in all cases less than 49, and generally less than 19,; results of the tests are presented in
Figure 8. Both A- and B-type specimens were used, but too few data were obtained to
establish any significant differences between specimen types.

Fitting Equation (4) to the observations gave, for the plane-strain compression results
(with a correlation coefficient r = 0.82)

o é 0.149
a2 - -1 2 (7)
20.5 MPa Is
100 | I T
= 10 BRITTLE FAILURE . —
= ~0
£ D L
by Q== &
o — %
= A-TYPE B-TYPE
1= SPECIMEN SPECIMEN —
e @ UNIAXIAL COMPRESSION
" " PLANE-STRAIN COMPRESSION
e ! 1 | |
10 1077 107 107 1074 1073

STRAIN-RATE AT YIELD, s !

Fig. 8. Strain-rate dependence of strength ( friction corrected) ; T-1 granular-snow ice, — 10°C.
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and for the uniaxial compression observations (with a correlation coefficient r = 0.97)

o & \o0.204
43.7 MPa - (1 S—I) : (8}

The difference between uniaxial and plane-strain compressive strength is small, about 25%
at a strain-rate of 1074 57! and zero at a strain-rate of 1076571,

The opacity of the T-1 ice made it difficult to observe crack formation during the course
of the tests. For strain-rates greater than 105 s—T small cracks were observed. At these high
strain-rates for plane-strain loading, examination of the specimen after the test revealed
small cleavage cracks in the plane perpendicular to the direction of ice growth. For strain-
rates less than 105 s~1 there was little visible evidence of either crack or deformation features
for either loading condition. Deformation behaviour over the range of strain-rates investi-
gated was ductile, with the exception of the one test result noted on Figure 8.

Because of the inhomogeneity of the T-1 ice there was considerable scatter in the strength
results. Variability was even more evident with respect to deformation behaviour. Tt is
difficult to generalize regarding strain at the maximum stress other than to note that for the
uniaxial case it was slightly less than 1%, and for the plane-strain case slightly more than 1%,

Discussion of resulls

Differences in the strength and deformation behaviour of S-2 and T-1 ice under uniaxial
loading have been the subject of a number of studies (Carter and Michel, 1971; Ramseier,
unpublished) and will be discussed only briefly here. For plane strain the anisotropic structure
of S-2 ice results in behaviour sharply different from that observed for T-1 ice with its more
isotropic structure.

Strain-rate dependence of the uniaxial compressive strength in the range of ductile
behaviour has been compared in Table I1I with Ramseier’s (unpublished) results. Strengths
of both T-1 and S-2 ice at a strain-rate of 104 were quite comparable, as were the relative
strain-rate effects of the two ice types. The strain-rate effect found in the current study was
not, however, so pronounced as that obtained by Ramseier (unpublished).

TasLE III. COMPARISON OF STRAIN-RATE EFFECTS ON UNIAXIAL AND PLANE-STRAIN COMPRESSIVE STRENGTHS AT
o
—10°C

Strength for € = 10 4571 Strain-rate factor o from Equation (4)

T-1 ice S-2 ice T-1 ice S-2 ice
MPa MPa
Results of Ramseier (unpublished)—uniaxial 5.3 7.3 0.2 0.4
Results of present tests—uniaxial 5.2 6.0 0.149 0.299
Results of present tests—plane-strain 6.8 14.0 0.204 0.194

The anisotropic grain and crystal structure of S-2 ice is characterized by a preferred basal-
plane orientation such that ductile deformation is essentially two dimensional (i.e. in the plane
of the ice cover). In plane-strain compression where loading and confining directions lie in
the plane of the ice cover, this deformation mode is inhibited and the ice is forced to deform
in the long direction of the columnar grains. As very few basal planes are oriented to accom-
modate this deformation, most of it must be accommodated by some type of non-basal glide.
From studies of ice single crystals it is known that the stresses associated with non-basal glide
are much higher than those associated with basal glide (Higashi, 1967). The results of this
study showed that at strain-rates of 10~7 s~! (essentially ductile deformation) the plane-strain
compressive strength was four times the uniaxial compressive strength. For increasing
strain-rates, behaviour became less ductile and there was a corresponding decrease in the
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ratio of plane-strain to uniaxial compressive strength. The plane-strain compressive behaviour
at strain-rates of about 107%s~! was characterized by formation of cleavage cracks and
strength about two and a half times uniaxial strength (Table III).

T-1 ice, with its more isotropic structure, would not be expected to show so great a
difference in strength with the two modes of loading. Plastic theory predicts a plane-strain
compressive strength 159, greater than the uniaxial compressive strength for an isotropic
material with a von Mises yield criteria. The results of this study showed equal strengths at a
strain-rate of 107651 and a plane-strain compressive strength 259, greater than the uniaxial
compressive strength at a strain-rate of 10451,

Carter and Michel (1971) showed that the maximum uniaxial compressive strength for
S-2 ice at —10°C was attained at a strain-rate of 10451, and for T-1 at a strain-rate of
1073 5. In the current test series the maximum strain-rate attained was about 2 X 104 51,
In S-2 ice, therefore, the strain-rate was sufficiently high for the maximum strength for plane-
strain loading to have been attained.

The results of this investigation have specific application to the engineering problem of
estimating maximum ice forces developed on a long straight wall. In this case a plane-strain
compression loading condition can be assumed to exist in the ice cover. These laboratory tests
indicate the significance of the structural anisotropy of ice with respect to the plane-strain
compressive strength. The strength anisotropy of the ice cover must, therefore, be considered
in determining ice forces on a long straight wall.

These findings also have more general implications for the problem of estimating ice
forces on structures. In most cases the stress conditions in the ice cover are more complex
than those considered here, i.e. they involve a combination of compression, flexure and shear.
Until more experimental data are available on the strength and deformation behaviour of ice
under complex stress, particularly with respect to its anisotropic structure, caution should be
exercised in making predictions of ice forces based on analytical models and uniaxial strength
data.

SUMMARY

A condition of plane-strain compression has been satisfactorily produced in an ice specimen
by loading it in a confining sub-press and utilizing 0.15 mm polyethylene film to reduce
friction effects on the sides. The confinement of the ice required for the plane-strain condition
inhibits the mode of failure occurring under uniaxial loading. The resulting plane-strain
failure mode for $-2 ice is associated with the formation of cleavage cracks that propagate at
right angles to the long axis of the columnar grains. This behaviour was not observed for
uniaxial loading.

For the plane-strain condition the compressive strength of columnar-grained S-2 ice is at
least two and a half times greater than that for the uniaxial loading condition. For granular
T-1 ice, however, plane strain strength is at most 2 5% greater than uniaxial strength. Results
for the columnar-grained S-2 ice show the large effect structural anisotropy has on strength
behaviour under a plane strain loading condition.

ACKNOWILEDGEMENTS

The skill and care of D. Wright, Technical Officer, DBR/NRC, in machining the speci-
mens and setting up the tests is gratefully acknowledged.

‘This paper is a contribution from the Division of Building Research, National Research
Council of Canada, and is published with the approval of the Director of the Division.

MS. received g November 1976

https://doi.org/10.3189/5002214300002116X Published online by Cambridge University Press


https://doi.org/10.3189/S002214300002116X

516 JOURNAL OF GLACIOLOGY

REFERENCES

Assur, A. [1972.] Forces in moving ice fields. (In Wetteland, S. S., and Bruun, P., ed. Proceedings, the first Inter-
national Conference on Port and Ocean Engineering under Arctic Conditions. The Technical University of Norway, Trondheim,
Norway, Aug. 23-30, 1971, [Trondheim, Technical University of Norway], Vol. 1, p. 112-18.)

Carter, D)., and Michel, B. 1971. Lois et méchanismes de I"apparente fracture fragile de la glace de riviére et de
lac. Université Laval. Faculté des Sciences. Département de Genie Civil. Section Mécanique des Glaces. Rapport S-22.

Croasdale, K. R. 1974. Crushing strength of Arctic ice. (In Reed, J. C., and Sater, |. E., ed. The coast and shelf
of the Beaufort Sea. Proceedings of a symposium on Beaufort Sea coast and shelf research. Arlington, Virginia, Arctic
Institute of North America, p. 377-99.)

Frederking, R. Unpublished. Mechanical properties of ice and their application to Arctic ice platforms. [Paper
presented at Ice Tech. 75, symposium on icebreaking and related technologies, Eastern Canadian Section,
Society of Naval Architects and Marine Engineers, Montreal, 1975.]

Gold, L. W. 1973. Ice—a challenge to the engineer. Proceedings of the fourth Canadian Congress of Applied
Mechanics, Montrecl, May 28-June 15l 1973, p. G-19-G-36.

Haynes, F. D., and others. 1975. Ice force measurements on the Pembina River, Alberta, Canada, by F. D.
Haynes, D. E. Nevel and D. R. Farrel. U.S. Cold Regions Research and Engineering Laboratory. Technical Report

26g.
Higashi, A. 1967. Mechanisms of plastic deformation in ice single crystals. (In Oura, H., ed. Physics of snow and
ice : international conference on low temperature science. . . . 1966. . .. Proceedings, Vol. 1, Pt. 1. [Sapporo], Institute

of Low Temperature Science, Hokkaido University, p. 277-89.)

Hill, R. 1950. The mathematical theory of plasticity. London, etc., Oxford University Press.

Hirayama, K., and others. 1975. lce forces on vertical piles. Indentation and penetration, by K. Hirayama,
J. Sehwarz and H.-C. Wu. (In Frankenstein, G. E., ed. Proceedings, third International Symposium on Ice Problems,
18-21 August 1975, Hanover, New Hampshire. [Hanover, N.H.], International Association of Hydraulic Research.
Committee on Ice Problems, p. 420-45.)

Michel, B., and Ramseier, R. O. 1971. Classification of river and lake ice. Canadian Geolechnical Journal, Vol. 8,
No. 1, p. 36—45.

Ramseier, R. O. Unpublished. Growth and mechanical properties of river and lake ice. [Ph.D. thesis, Faculty
of Science, Dept. of Civil Engineering, Laval University, Quebec, 1976.]

Reinicke, K. M., and Ralston, T. D. 1976. Plastic limit analysis with an anisotropic parabolic yield function. Houston,
Texas, Exxon Production Research Co.

Schwarz, J. Unpublished. Offshore structures in ice. [Paper presented at third International Conference for
Ocean Engineering and Marine Sciences, Diisseldorf, 1976.]

https://doi.org/10.3189/5002214300002116X Published online by Cambridge University Press


https://doi.org/10.3189/S002214300002116X

