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By R. FREDERKING 

(Division of Building Research, National Research Council of Canada, Ottawa, Ontario 
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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 p erforming plane-strain compression tests, and results are presented 
for the stra in-rate dependence of strength. The plane-strain compressive strength of ice having anisotropic 
structure (columnar-gra ined ice) is a t leas t two and a half times the uniaxial compressive strength, whereas 
the plane-strain compressive strength of ice having an isotropic structure (granular-snow ice) is at most 
25 % greater than the uniaxia l case. The greater plane-strain compressive strength of columnar grained ice 
when the loading and confining directions a re in the plane of the ice cover, can be attributed to its anisotropic 
structure, which leads to a different failure m echanism for the plane-strain case. 

REsuME. La resistance a la compression biaxiale de la glace colomnaire et de la glace de neige. Une plaque de 
glace, poussant contre une structure longue droite, est supposee etre en conditions d e compression biaxiale. 
Une technique est decrite pour effectu er des essais de compression aux deformations biaxiales . Les resultats 
sont donnes sous la forme de la resistance en compression biaxiale en fonction du ta ux de deformation . La 
resistance en compress ion biaxiale de la glace a nisotrope (cristaux colomnaires) es t a u moins 2,5 fois plus 
grande que la resistance en compression uniaxia le. Au contraire, la res istance en compression biaxiale de la 
glace isotrope (glace de neige) est au plus 25 % plus grande que la resistance e n compression uniaxia le. 
La plus gra nde res istance a la compression biaxia le de la glace colomnaire, ou. les direc tions de la poussee et 
de la reaction sont dans le pla n de la pl aque de glace, peut etre attribuee a sa structure a nisotrope qui se 
caracterise par un mode de rupture different dans le cas de la compression biaxiale . 

Z USAMMENFASSUNG. ZweidimCllsionale Druckfestigkeit VOII siiulenj6rmigem Eis Ulzd ScJlIlee-Eis. Bei einer Eisdecke, 
die gegen eine lange gerade Struktur stosst, wird ein ebener Verformungszustand angenommen. Es wird 
eine Technik beschrieben, wie dieser ebene Verformungszustand erzeugt wird. Es werden Ergebnisse 
mitgeteilt liber die Abha ngigkeit der Festigke it von der Verformungsgeschwindigkeit. Die zweidimensionale 
Druckfes tigkeit des a nisotropen Eises (saulenformige Kristalle) ist mindes tens 2,5-mal grosser als die einaxia le 
Druckfes tigkeit. Dagegen ist die zweidimensionale Druckfestigkeit des isotropen Eises (Schnee-Eis) hochstens 
25 % grosser als im einaxia len Spannungszustand . Die hohe zwe idimensionale Druckfestigkeit des saule n­
formigen Eises, bei der die Belas tungsrich tungen in der Ebene d er Eisdecke liegen , lass t sich mit der a niso­
tropen Struktur des Eises erklaren, die in diesem Fa lle zu unterochiedlichen Bruchmecha ni, men flihrt. 

INTRODUCTION 

When a floating ice cover ac ts against a structure it can be assumed that in certain circum­
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 fi eld observations indicate tha t the zone in front of a pile is a lso in a confined 
loading state, if not in a perfect state of plane strain (Hiraya ma and others, 1975; Croasdale, 
1974) ' Theoretical studies of ice forces on structures have indicated that the existence of the 
plane-stra in condition would be a significant factor in determining desig n ice loads (Assur, 
[1972] ) . Information on failure strength under biaxial loading is also required in the evalua­
tion of yield criteria postulated for ice (R einicke 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 
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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 
uniaxialloading. 

The sub-press constructed to produce this condition of "plane-strain" compressive loading 
is shown in Figure I. 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 0.83 X 10- 5 to 0.83 mm/so Linearly variable differential transformers were used to 
measure motion of the upper platen and lateral expansion between the confining columns. 

Fig. I. 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 deforma tion were made during each tes t. 

A previous study (Fred erking, unpublished ) had indica ted that friction between the 
specimen a nd the confining columns could affect the observed strength values, a nd 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 a pplied to the top. T he difference between the two loads 
would equa l the net friction force developed on the confined sides of the specimen. These 
observations showed that fric tion inAuenced the results, a nd m easures were therefore devised 
to reduce its effect. T hin sheets of various polymer ma teri a ls placed between the specimen 
and the confining sides of the sub-press proved to be satisfac tory in reducing friction effects 
to a n accepta b le level. 

Specimen preparation 

T ests were performed on columnar-gra ined ice, with axes of crys ta llographic symmetry 
tending to be perpendicula r to the long axis of the columna r gra ins, and on granular-snow ice 
with random orientation of the crystallogra phic symmetry axis. T he two ice types are 
referred to as S-2 and T - I , resp ectively, according to the classification of Michel a nd R amseier 
(197 1). S-2 ice was grown from the loca l drinking-water suppl y in a cold room with an air 
temperature of - IOaC. Average grain dia m eter on a pla ne perpendicu la r to the long 
direction of the columnar grains was 5 mm ; density was in the range 910 to 917 kg/m 3 • 

The T - 1 ice was recovered from a natura ll y formed ice cover of a local water b ody. Because 
of the manner in which snow ice is formed there was some ba nding, i.e. the grain size was 
uniform in the plane of the ice cover but varied with depth. G ra in dia meter was 1 to 2 mm, 
and density in the range 860 to 890 kg/m 3 • Small grain-size was generally associated with 
higher density. Specimens tha t did not fall within these ra nges of density were rej ected . 

Specimen prepara tion, storage, and testing a ll took place in a cold room in which the 
tempera ture was maintained at - ro ± o. l ac. T he specimens were right recta ngular prisms 
with nominal section of 50 mm X 100 mm a nd length 200 mm . T wo types of specimen were 
prepared: A-type in which the loading a nd confining direc tions were in the plane of the 
surface of the ice cover, a nd B-ty pe in which the loading direction was in the p la ne 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 0.02 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. 

A - TY P E B-TYPE 

Fig. 3. Schematic of two specimen types (the T- and 3-coordinate directions are perpendicular to tlte 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 X 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 goo 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.e. the platens 
were initially parallel and r~mained 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 2 % was reached in cases of ductile failure. 

RESU LTS 

Treatment if data 

Very simple definitions of stress, strain and strain-rate were used for analysing the results. 
Stress is given by 

cr = PIA, 

where P is the applied load and A the initial cross-sectional area on which it IS applied. 
Strain is given by 

where u is the deformation and 10 is the initial length over which deformation was measured. 
Strain-rate is given by 

where it is the deformation-rate and 10 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 (Ja and the average stress on 
the bottom , (Jr. Streng th and stress values in this pa per a re the average of (Ja and (Jr unless 
otherwise noted. T he average shear stress developed on the sides of the sp ecimen as a result 
of friction with the confining columns of the sub-press is determined from the differen ce 
between stresses (Ja a nd ITr. 

Columnar-grained ice, type S -2 

Figure 4 presents the resul ts of an earlier investigation during which the effect of fric tion 
was not taken into accoun t. Five prelimina ry measuremen ts to demonstrate this effect a re also 
included. Each result involves two da ta points joined by a curved line; the lower point is (J!' 
and the upper, (Ja. T he difference between the two stresses increased with increasing stra in­
ra te from a bout IS % to a bout 40% of the applied stress. 
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2 0 0 SI DE FR I CT I ON TES TS • . ') • 
10 0 ) ~ . 

'" ~ 
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"- DO .. 
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Fig. 4. Preliminary resuits of strain-rate dependence of strength; S-2 columllar-grained ice, - I Ooe (Frederking, 1I11/)Ublished ). 

A series of tests was carri ed out to evaluate the effectiveness of various friction-reducing 
materia ls. Polytetra flu oroethylene of 0.20 m m thickness a nd 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 tha n 5% of the total applied load ), but that film thickness in the 
range investigated has n o significan t effec t. Surprising ly, polytetra Auoroe thylene is less 
effective. Based on these evaluations a o . I S mm thick polyethylene film was used as the 
friction-reducing material for the pla ne-strain compressive loading condition in the current 
seri es. T wo other conclusions can be drawn. First, the average stress where no friction­
reducing m aterial is used is a reasona bly accurate m easure 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 m edium grained (S mm) S-2 ice. 

T wo typ es 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 a nd plane-strain compression. T he strength for the A-type specimen with loading and 
confining directions in the pla ne of the ice cover was substantia ll y greater for plane-stra in 
compression than for uniaxia l compression. For the B-typ e specimen (loading direction in 
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TABLE I. EVALUATION OF FRICTION-REDUCING MATERIALS, S-2 COLUMNAR-GRAINED ICE, 
3.33 X 10- 3 mm/s CROSS-HEAD RATE 

Friction reducing Strength Strength Average Grain 
material Thickness aa ar Difference strength diameter 

mm MPa MPa % MPa mm 

none 11.2 8·3 36.0 g.8 

} PTFE* 0.20 10.2 g.1 11.8 9·7 
PTFE 0.20 10.0 g.1 9·9 g.6 5 
PE t 0.15 g.6 9. 2 4.2 9·4 
PE 0.15 10.0 9.6 4.2 g.8 
PE 0.15 11.7 I I. 1 4·7 11.4 } PE 0.10 11.2 10·5 5·7 10.8 
PE 11.6 4.6 11.3 

1- 2 0.05 11.0 
none 12.8 g.1 2g.0 lO.g 

* PTFE polytetrafluoroethylene. 
t 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 beca use 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 era and err) for type A specimens in the 
current test series is presented in Figure 5. Plane-strain compressive strength is greater than 
uniaxial compressive strength by a factor of about four at a strain-rate of 10- 7 S- I and a factor 
of two at a strain-rate of 10- 4 S-I. In this range of strain-rates the deformation behaviour was 
ductile, with the exception of one test result noted in Figure 5. U niaxial compression tests 
at - lO

oe indicate that as strain-rate increases from 10-4 S-I to 10- 3 S- 1 behaviour changes 
from ductile to brittle, and that maximum measured strengths occur in this range (Gold, 1973). 

100 r-------~1--------'1--------,-1 -------,-1 ------~ 

10 I-

0-

BR I TT L E F A I LURE"'. • .----_.--~. 0 -

. -----. -__ .~ _0--

---- 0 UNIA X IAL COMPRESSION 

--- . PLANE - STRAI N COMPRESSION 

-

-

I I II 0.1 L-----~-----~-----~----~-----~ 

10- 8 10- 7 10- 6 10- 5 10- 4 10 - 3 

STRAIN - RATE AT YIELD, 5-
1 

Fig. 5. Strain-rate dependence qf strength (friction corrected); S-2 columnar-grained ice, A-type specimens, - rooe. 
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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- I 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 uniaxialload condition. 

The equation 

(J (E)" ;;; = ;;; , 

where Eo is an arbitrary constant and (Jo and ex are constants (determined from a regression 
analysis), was fitted to the data. Figure 5 presents the bes t-fit lines for the two sets of data. 
The equation of the line, for the uniaxia l case (with a correlation coefficient of r = 0.99), is 

96.3 (jMPa = C :-J r·2~9 , (5) 

and for the plane-stra in case (with a correlation coefficient of r = 0.96) 

83.4 ~Pa = C :_,Y·194. (6) 

These expressions are applicable only for the range over which they h ave been determined , 
i. e. strain-rates frOl11 10- 7 s- ' to 1 0 - 4 S- I. 

Stress- strain curves for plane-strain compressive loading at several strain-rates are 
presented in Figure 6. As strain-rate increases there is a n increase in the strain associated with 
yield stress. For purposes of compa rison a uniaxial compression loading curve for strain-ra te 
1.67 X 10- 5 S- I is also plotted . It shows thal the strain a t failure for the plane-strain case was 
about three times that for the uniaxia L ca e. In gen eral, at a ll 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 uniaxia l and pla ne-stra in compression, cracking activity in S-2 columnar­
gra ined ice during the initial portion of load applica tion was similar , i .e. vertically a ligned 
cracks running pa rallel 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 b a nds 
coincided with the m aximum stress in uniaxial compression. For plane-strain compression, 

'" "-
::;: 

Vl 
Vl 

""' '" >-

20 

15 

10 

STRA IN. - I 
m·m 

Fig. 6. Plane-strain compression diformation behaviour; S-2 columnar-grained ice, A-!~pe specimens, - looe (dashed line 
indicates uniaxial compression, i = 1.67 X 10- 5 s-' ). 
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however, the latera l confinement of the sub-press forced the ice to d eform 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 ; S ..:: hwarz, unpublished). At this point the 
specimen was no longer transparent but had a uniform, white, translucent appearance. At 
very low strain-rates, less than 10- 6 S- I, it developed a cobble-stone appearance that could be 
explained by slip on the crystallographic planes within individual columnar grains. F igure 7 
shows the extremely textured surface of a specimen that has undergone a 1.5 % strain at a 
rate of 1.67 X 1 0 - 7 S- I. 

Fig. 7. T extured surface produced by plane-strain deformation of S-2 columnar-grained ice, strain-rate 1.67 X 10 - 7 rI, 
strain 0 .0 15 . 

As mentioned earlier, the sub-press was desig ned 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. I) . D eformation in the confined direction (1-
coordinate direction) was measured at the mid-point so that the average value of El would be 
somewhat less . The results of these measurements a re presented in Table 11. Both strength 
(i.e. maximum stress) and corresponding strain at yield were very similar for the four cases. 
The confined strain, Ell was about three times that predicted from the original assumptions. 
The following could account for the discrepancy: ( I) 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 0 .33. 

TABLE 11. MEASUREMENTS OF CONFINEMENT ACHIEVED BY SUB-PRESS, S-2 
COLUMNAR- GRAINED ICE, 3.33 X 10- 3 mmls CROSS-HEAD RATE 

Thickness if 
(rictioll reducing 

material 
mm 

none 
0 .05 
0.10 

0.15 

Strength 
MPa 

10·9 

I 1. 3 
10.8 

11.4 

Slide 
friction 

% 
29 .0 

4.6 
5·7 
4·7 

Strain at yield 

£3, (1) 

load direction confined direction 
X 102 X 103 

0.70 
0.80 

0.7 2 
0.81 

Granular-snow ice, type T-I 

Twenty tests were carried out on T-I 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 cra and crr was 
in all cases less than 4% and generally less than 1% ; 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 ) 
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I 
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Cl< 
l-
V') 

(J ( E ) 0.149 

20.5 MPa = I S- I ' 
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BR ITT LE FA I LURE , ___ 

~ <iI~6'--
n-~ :;;:::, 0 
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SPEC IMEN SPEC I MEN 

- --- 0 a UNIAXIAL COMPRESSION 

• PLANE - STRAIN COMPRESSION 

0.1~--------~~------~----------~--------~--------~ 

10- 8 10 - 7 10- 6 10-5 

STRAIN- RATE AT YIELD, 
-1 

s 
Fig. 8. Strain-rate dependence of stret!gth (friction corrected); T-I granular-snow ice, - IO°C. 
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and for the uniaxial compression observations (with a correlation coefficient r = 0.97) 

43.70"MPa = C :_IY·Z0

4. (8) 

The difference between uniaxial and plane-strain compressive strength is small, about 25 % 
at a strain-rate of IO- 4 S-I and zero at a strain-rate of I 0 - 6 S- I . 

The opacity of the T-I ice made it difficult to observe crack formation during the course 
of the tests. For strain-rates greater than 10- 5 S- I 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 10- 5 S- I 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 - I ice there was considerable scatter in the strength 
results. Variability was even more evident with respect to deformation behaviour. It is 
difficult to generalize regarding strain at the maximum stress other than to note that for the 
uniaxia l case it was slightly less than I % and for the plane-strain case slightly more than I %. 

Discussion of results 

Differences in the strength and deformation behaviour of S-2 and T - I ice under uniaxial 
loading have been the subject of a number of studies (Carter and Michel, r97r; 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-I 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 In with Ramseier 's (unpublished) results. Strengths 
of both T-r and S-2 ice at a strain-rate of 10- 4 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). 

TAB LE Ill. COMPARISON OF STRAIN-RATE EFFECTS ON UNIAXIAL AND PLANE-STRAIN COMPRESSIVE STRENGTHS AT 

-IOoC 

Results ofRamseier (unpublished)-uniaxial 
R esults of present tests- uniaxial 
R esults of present tes ts-plane-strain 

Strength for i = IO- 4 r ' 
T-I ice S-2 ice 
MPa MPa 

5·3 7. I 
5.2 6.0 
6.8 14.0 

Strain-rate factor a.from Equation (1 ) 

T-r ice 

0.2 
0 .1 49 
0. 204 

S-2 ice 

0·4 
0.299 
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- I (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 stra in-ra tes of a bout 10- 4 S- 1 was characterized by formation of cleavage cracks and 
strength about two and a half times uniaxial strength (Table Ill). 

T-I 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 15% greater than the uniaxial compressive strength for an isotropic 
ma teria l with a von Mises yield criteria. The results of this study showed equal strengths at a 
strain-rate of 10- 6 S- 1 a nd a plane-strain compressive strength 25 % greater than the uniaxial 
compressive strength at a strain-rate of 10- 4 S- I. 

Carter and Michel ( 1971 ) showed that the maximum uniaxial compressive strength for 
S-2 ice a t - IOoC was a ttained at a strain-rate of 10- 4 S- I, and for T - I at a strain-rate of 
10- 3 S- I . In the current test series the m aximum strain-rate attained was about 2 X 10- 4 S- I. 

In S-2 ice, therefore, the strain-rate was sufficiently high for the maximum strength for plane­
strain loading to have been a tta ined. 

The results of this investigation have specific application to the engineering problem of 
estimating maximum ice forces developed on a long stra ight 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 structura l a nisotropy of ice with respect to the plane-strain 
compressive strength. The strength a nisotropy of the ice cover must, therefore, be considered 
in de termining ice forces on a long straight wall. 

These findings a lso 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 
tha n those considered here, i.e. they involve a combina tion of compression, flexure and sh ear. 
Until more experimenta l data are available on the strength and deforma tion behaviour of ice 
under complex stress, particularl y with respect to its a nisotropic structure, caution should be 
exercised in making predictions of ice forces based on a n a lytical models a nd uniaxial strength 
da ta. 

SUMMARY 

A condition of plane-strain compress ion has been sa tisfactorily produced in an ice specimen 
by load ing it in a confining sub-press and utilizing o . IS mm polyethylene film to reduce 
friction effects on the sides. T he confinement of the ice required for the plane-strain condition 
inhibits the mode of failure occurring under uniaxia l loading. The resulting plane-stra in 
fa ilure mode for S-2 ice is associated with the formation of cleavage cracks that propagate at 
right a ngles 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 columna r-grained S-2 ice is a t 
leas t two and a half times greater tha n that for the uniaxia lloading condition. For granular 
T-I ice, however, plane strain strength is at most 25 % greater than uniaxia l strength. R esults 
for the columnar-gra ined S-2 ice show the large effect structural anisotropy has on strength 
behaviour under a pla ne strain loading condition. 
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