Jounal of Glaciology, Vol. 19, No. 81, 1977

INDENTATION TESTS TO INVESTIGATE ICE PRESSURES
ON VERTICAL PIERS

By K. R. CROASDALE,
(Imperial Oil Limited, Calgary, Alberta, Canada)

N. R. MoRGENSTERN and J. B. NurTaLL
(Department of Civil Engineering, University of Alberta, Edmonton, Alberta, Canada)

Asstract. Controlled field and laboratory tests were performed to investigate the relationship between
ice strength and the maximum ice pressures on vertical piers. The apparatus used in the field tests consisted
of a flatindentor (75 cm wide) which was pushed through the ice by hydraulic rams. 27 tests were conducted
on lake ice up to one metre thick. Ice pressures in the range 2.5 to 5.0 MPa were obtained for ice in good
initial contact with the indentor. The ice pressures exhibited little sensitivity to variations in temperature,
ice thickness and strain-rate for the range 7.5 X 1075 to 4.4 X 1073 571,

The average unconfined compressive strengths obtained in the laboratory were about 20%, higher than
the average field ice pressures. In addition, the laboratory strengths werefound to be sensitive to temperature,
and to strain-rate in the range 1 X 1077 to 1 X 1073 s7I. The confined compressive strength was two to three
times the unconfined strength.

The failure modes observed in the indentation tests were similar to those predicted (before the tests) by
an upper-bound plasticity model. The ability of the model to relate small-scale ice strength to field ice
pressures is discussed.

Resumi. Tests d indentateur pour mesurer les pressions dans la glace des piles verticales. Des controéles sur le
terrain et des essais en laboratoire ont été conduits pour déterminer la relation entre les contraintes dans la
glace et les pressions maximum sur les piliers verticaux. L’appareil utilisé sur le terrain consistait en un
indentateur plane (75 cm de large) qui était poussé A travers la glace par un piston hydraulique. Vingt sept
essais furent menés sur de la glace de lac allant jusqu’a un meétre d’épaisseur. Des pressions de glace de
Pordre de 2,5 4 5,0 MPa ont été obtenues pour la glace lorsque le contact initial avec Pappareil était bon.
Les pressions dans la glace se sont montrées plus sensibles aux variations de la température, de I'épaisseur
de la glace et de la vitesse de déformation entre 7,5 X 1075 et 4,4 X 1073571,

Les résistances moyennes a la compression hors enceinte, obtenues en laboratoire, étaient d’environ 20%,
supérieures aux pressions dans la glace sur le terrain. De plus, on a trouvé en laboratoire des résistances de
Pordre 1 x 107 et 1 X 1073571, La résistance 4 la compression avec enciente était deux ou trois fois plus
forte que hors enceinte.

Les modes de ruptures observées dans les essais a 'indentation ont été semblables a ceux prévues (avant le
test) par un modéle A la limite supérieure de la plasticité. La capacité du modéle & trouver une relation
entre la résistance de la glace 4 petite échelle et les pressions dans la glace sur le terrain est discutée.

ZUSAMMENFASSUNG. Prdgeversuche zur Untersuchung des Eisdrucks auf senkrechte Ufermauen. Zur Untersuchung
der Beziehung zwischen der Eisfestigkeit und dem maximalen Eisdruck auf senkrechte Ufermauern wurden
kontroliierte Feld- und Laborversuche durchgefithrt. Das Gerit fir die Feldversuche bestand aus einem
flachen Prigestempel (Breite 75 cm), der mit hydraulischen Rammen durch das Eis gepresst wurde. 27
Versuche erstreckten sich auf See-Eis bis 1 m Dicke. Es ergaben sich Eisdrucke im Bereich von 2,5 bis
5,0 MPa fiir Eis in gutem Anfangskontakt mit dem Priagestempel. Der Eisdruck erwies sich als wenig abhingig
von der Temperatur, der Eisdicke und der Verformungsrate im Bereich von 7,5 X 1075 bis 4,4 X 1073 571,

Ohne Eingrenzung ergab sich die mittlere Druckfertigkeit im Labor um etwa 20%, héher als der mittlere
Eisdruck im Feld. Ausserdem zeigte die Festigkeit beim Laborversuch Abhingigkeit von der Temperatur
und der Verformungsrate im Bereich von 1 X 1077 bis 1 X 1073 s7I. Unter Eingrenzung war die Druckfestig-

keit zwei- bis dreimal héher als ohen Eingrenzung.
Die bei den Prigeversuchen beobachteten Brucharten waren dhnlich denen, die vor den Versuchen mit

einem Plastizitdtsmodell vorhergesagt wurden. Es wird die Eignung des Modells zur Extrapolation von
kleinmasstibigen Eisfestigkeiten auf Eisdrucke im Feld diskutiert.

INTRODUCTION

To predict ice forces on a narrow vertical pier requires an understanding of how ice fails
in crushing. ;

An empirical correlation for ice crushing against a vertical .pier was developed by
Korzhavin (1962):

p = Imka, (1)

where p is the ice pressure across diameter of pier and ice thickness, I the indentation factor
which accounts for the relative geometry of the system. [ is defined as being equal to 1.0 for a
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wide pier and about 2.5 for a narrow pier. m is the shape factor (equal to 1.0 for a flat face
and 0.9 for a round face), £ the contact factor (1.0 for perfect contact), and o the compressive
strength of ice.

It is believed that the above relationship reflects all the vital components of the process of
ice action on vertical piers. However, its usefulness is limited because of the need to specify a
value for ice strength (o). It is well known that values for ice compressive strength can vary
widely depending on ice type, temperature, strain-rate, size of sample and method of testing.

The aim of the work described in this paper was to perform controlled field and laboratory
tests in order to investigate the relationship between small-scale ice strength and maximum
ice forces on vertical piers. The incentive behind the study was the need to provide a sound
basis for deriving design criteria for offshore platforms for oil exploration in the Beaufort Sea
where there are no precedents for the design of ice-resistant structures.

The strategy for the work consisted of three independent, but related activities:

(a) Field tests in which a flat indentor was pushed against a natural ice sheet using special
equipment. These tests simulated the action of a moving ice sheet against a narrow
vertical face. By using a flat indenter in good initial contact with the ice, it was
believed that the terms m and £ in Korzhavin’s equation would be unity.

(b) Laboratory tests on ice taken from the field test sites were conducted for a range of
strain-rate and temperature. (These tests were actually extended to include ice taken
from other locations.)

(c) The derivation of theoretical models based on plasticity theory, to try and relate the
data from the laboratory and field tests. In other words, to derive a theoretical
relation for I in Korzhavin’s equation and compare it with apparent values derived
from measurements.

This paper describes these activities and discusses the results.

THE FIELD TESTS

Prior to conducting these tests, we had already performed similar crushing tests in the
Arctic at Tuktoyaktuk (Croasdale, 1974). These Arctic tests, in which ice moving against
a vertical pier was simulated by pushing a pier through the ice, were successful but awkward
to conduct. Only one or two data points per year could be obtained and it became obvious
that a speedier field test technique was desirable.

Equipment and location

The redesigned equipment was again based on the principle of pushing an indentor
through the ice to simulate the action of ice against a pier (Fig. 1). The flat indentor was
0.75 m wide by 1.0 m high and was pushed through the ice by means of four hydraulic rams
acting against a reaction face 1.25 m wide by 1.0 m high. Each hydraulic ram had a stroke
of 0.3 m and a load capacity of 1.7 MN. The rams were actuated by a common hydraulic
supply by means of a gasoline-powered pump; they were synchronized by the structural
rigidity of the loading faces. The equipment which weighed 1 500 kg was portable and could
be lowered into a pre-cut hole in the ice by means of a lifting frame which could be skidded
from one test site to another.

Most of the tests were conducted on ice about 0.75 m thick and chain saws were used to
cut the test holes. Potentiometers to record the motion of the indentor were clamped between
the loading faces and also fixed between the faces and the ice. Continuous recordings of these
motions in addition to the hydraulic pressure supplied to the rams were taken during each
test. The average ice pressure across the indentor was derived by dividing the applied load
by the area of the indentor in contact with the ice sheet.
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LIFTING FRAME
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“75 cm % 100 cm LOADING FACE ~ 4 RYDRAULIC RAMS

125 ¢m % 100 ¢ REACTION FACE

Fig. 1. The field test equipment.

The temperatures of the air and the ice were measured before each test. After a test, the
geometry of the failure surfaces was measured and ice was collected for small-scale testing
and crystal examinations at the University of Alberta. Lastly, the hole was fenced-off to
prevent weekend snow-mobilers from falling into the lake! The test site was on Eagle Lake,
a shallow irrigation lake on the prairies about 48 km east of Calgary. A whole test operation,
including travelling from Calgary and cutting a test hole could be undertaken easily in one
day. . '

The scope of the tests

The field program was conducted during the period 27 January to 10 March 1971, and a
total of 27 tests were performed. The specific objectives for the field tests were:

(i) to investigate ice crushing pressure for a range of strain-rates and ice thickness,

(i1) to document modes of ice failure,
(iii) to compare the measured ice pressures with the compressive strength of ice.

During the test program, the natural ice cover on the lake grew in thickness from 74 to
99 cm and all but three of the tests were in this ice. To perform tests on thinner ice required
the cutting of test ponds, which were cleared in late January and allowed to refreeze to about
20 cm before being tested. The ponds were about 4.5 m X 4.5 m, a size which was considered
large enough to eliminate the “edge effects” from the surrounding thicker ice.

In the tests, the only controlled variable was the rate of supply of hydraulic fluid to the
rams, by which means a variation in loading rate or strain-rate could be achieved.

A nominal strain-rate can be defined as the average velocity of the indentor to failure
divided by an appropriate length such as the width of the indentor or the ice thickness. For
the results presented in this paper, strain-rate is defined in terms of indentor width. In the
main test series, strain-rates as defined above were in the range 7 X 1075 te 4.4 X 1073 ™1,

By the start of the test program, we had already developed the analytical model described
later in the paper. This model indicated that the friction between the indentor and the ice
would affect the ice crushing pressure; the extreme case being when the ice was frozen to the
indentor. In order to provide additional insight into this aspect of the analytical model, we
planned two tests in which the indentor was allowed to freeze to the ice sheet. We also
performed two other tests in which the ice was slotted to form large in situ unconfined speci-
mens.



304 JOURNAL OF GLACIOLOGY
Results of the field tests

As shown by the typical recorder traces in Figure 2, the pressure applied to the ice increased
to a peak value at which the ice failed. After initial failure, the ice pressure usually fell to
about half the peak before rising again. The limited stroke of the equipment (30 cm) prevented
a second peak from being realized.
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Fig. 2. Typical recorder traces for slow and fast field tests. Fig. 3. Typical failure mode in the field tests.

TasLe I. EAGLE LAKE ICE TEST RESULTS I1G71

Test Ice Strain Ice Ice surface
number pressure rate thickness  temperature Remarks
MPa s71 cm °C
I 3.35 3.2 X 1073 74 —12.9 Main test series on native ice sheet which had
2 3.33 3.1 X 1073 85 —17.8 vertical c-axis
3 4-95 9.6 X 1075 8o ~5.0 Flat indentor 75 cm wide, good contact but
4 3.59 3.5 X 1074 8o —10.0 not {rozen-in
5 3.53 6.7 X 104 81 ~—5.8
6 3.24 2.0 X 1074 88 —5.0
i 3.49 1.§X107* 85 —2,2
8 3.37 2.4 X 1074 88 —7.8
9 3.07 1.8 X103 93 —1.7
10 4.02 6.7X 1074 92 —2.2
11 2.85 1.1 X1073 86 —7.8
13 3.40 2.9 X 1074 g6 —1.4
14 2.50 1.8 x 1074 9o —6.9
16 4.58 4.1 X 1074 9o —3.6
17 3.46 6.8x 1075 78 —12.5
20 4.28 4.2 X 1074 gb —14.4
22 3.74 1.9 X 1074 95 —4.4
23 2.57 1.1 X 1074 91 —6.7
24 3-73 3.3 X 107* 99 —4-4
27 4.83 2.9 X 1074 95 —2.5
12 3.18 8.4 X107% 18 —2.8 Test pond ice horizontal ¢-axis
15 4.65 2.1 X 1074 21 —1.4
18 2.78 5.3 X 1078 25 —1.9
19 3.06 —— g6 —8.9 Frozen-in, brittle response vertical ¢-axis
25 3.22 — 97 —8.3
21 0.71 1.1 X 1073 g2 —~3.9 Unconfined test vertical ¢c-axis
26 0.94 2.1 X 1074 92 —3.1



INDENTATION TESTS AND ICE PRESSURES 305

The failure mode witnessed during the main test series can be described as flaking and is
shown in Figure 3. The failure was of a double-wedge type as derived in the upper-bound
solution described later in this paper. The actual geometry of the failure varied little from
test to test. A typical failure had a wedge angle in the range 40° to 45° from the horizontal.

A summary of results of all 27 tests is given in Table L.

THE LABORATORY TESTS

The tests described in this section were actually conducted on ice from various sources.
A total of 113 unconfined compression tests were performed; 6o tests were on ice grown in
the cold room, 29 were on ice taken from rivers near Edmonton, 5 on ice from Tuktoyaktuk
Harbour and 19 tests were on ice taken from the sites on Eagle Lake at which the indentation
tests were performed. Initially, unconfined samples 15cm X 15cmXx 3o cm were tested
but this size was reduced to 10 cm X 10 cm X 20 cm because of load capacity limitations of the
test machine. In addition to the unconfined tests, 28 confined or plane-strain tests were
performed, these tests were on ice 6 cm X 15 cm X 30 cm in size.

Equipment and test procedures

Samples were prepared and tests conducted in a cold room at the University of Alberta.
A Wykeham Ferrance 10 ton compression testing machine was used for all tests. Strain-rate
was not deduced from the platen speed but measured independently by two linearly variable
differential transformers (LVDT’s) placed on each side of the specimen.

Samples were milled and loading faces were machined just prior to sample testing. Steel
test platens and spherical platen seats were made in accordance with the recommendation
of Hawkes and Mellor (1970). In the confined tests, transverse restraint was applied by
means of two steel plates 2.2 cm thick connected by 16 steel bolts (2.5 cm diameter). It was
estimated that transverse strain was less than 19, of principal strain.

In all tests, the load was applied in the plane of the natural ice sheet, that is, at right angles
to the columnar axes of the crystals. Tests were performed at two temperatures, —10°C and

—1.5°C.
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Fig. 4. Laboratory compressive strengths for ice with horizontal c-axes at — 10°C,
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Results of the laboratory tests

Compressive strength values for horizontal c-axis ice are plotted against strain-rate in
Figure 4 for —10°C, and in Figure 5 for —1.5°C. The effect of strain-rate is most obvious in
the tests conducted at —10°C. At this temperature, the tests indicate a maximum unconfined
compressive strength of about 7.6 MPa at a strain-rate of about 107451, The confined
strengths are greater, with a maximum of 16.6 MPa at the maximum strain-rate tested.
At —1.5°C, there is more scatter but still an indication of strain-rate dependence. The
warmer ice is weaker with a peak unconfined strength of 2.9 MPa and a confined strength of
11.5 MPa.

The Eagle Lake ice was tested only in the unconfined mode and at one temperature
—1.5°C (see Fig. 6). There is considerable scatter in the data perhaps because of the much
larger crystals, which in some cases were as large as the width of the test blocks. The strength
appeared to vary with the test location.
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Fig. 5 (left). Laboratory compressive strengths for ice with horizontal c-axes at — 1.5°C.
Fig. 6 (right). Laboratory compressive strengths at — 1.5°C for ice taken from the field test sites.

THEORETICAL ANALYSIS OF ICE PRESSURE
The theoretical solutions were aimed at providing a relationship between basic ice strength
properties and indentor-type field tests.

Idealization of ice properties and yield criterion

We assume ice to be an isotropic, homogeneous ideal elastic—plastic material. Yielding is
governed by a relation between the principal stresses known as the yield criterion.

It will be assumed in this analysis that ice behaves like most metals and that yielding is
independent of hydrostatic pressure. In this case, the simple Tresca yield condition can be

applied, which states:
6,—0C, = 24, (2)
where o, denotes the major principal stress, o, denotes the minor principal stress and ¢
denotes the shear strength, and it follows that
o = 24,
where ¢ is the uniaxial compressive strength. Equation (2) states that yield occurs when the
greatest shear stress on any plane has reached a limiting value.
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Plasticity analysis

The penetration of an ice sheet by a flat indentor can be analysed by the Lower- and
Upper-Bound Theorems of plasticity (Prager and Hodge, 1951, or Calladine, 1969).

The Lower-Bound Theorem states the following: If any stress distribution throughout the
loaded body can be found which is everywhere in equilibrium internally and balances the
externally applied loads and at the same time does not violate the yield condition, those loads
will be carried safely by the body.

The Upper-Bound Theorem is as follows: If an estimate of the plastic collapse load of a
body is made by equating internal rate of dissipation of energy to the rate at which external
forces do work in any postulated mechanism of deformation of the body, the estimate will be
either high or correct.

It should be noted that neither the stress distribution in the first case nor the mechanism of
deformation in the second need be the correct ones. The true solution is found when both
upper and lower bounds converge to the same result. When they do not, the true solution
will be between the lowest “upper bound” and the highest “lower bound”.

The problem of interpreting the indentation tests is one of computing the resistance
offered to incipient indentation of a pier or indentor by the edge of the ice sheet. (In all the
indentation tests, a tensile crack first forms at right angles to the direction of loading, so that
subsequent crushing failure of the ice sheet is the same as would occur due to edge loading of a
thick plate, see Figure 7.)

We can define the solution in the form,

b= al,
where ¢ denotes the compressive strength of the ice, p denotes the average pressure on the
indentor at failure and 1 is the indentation factor which will depend on the geometry of the
indentor, the ice thickness and the boundary conditions.

To solve for I is the objective of this analysis, and solutions are derived for two boundary
conditions; first with the ice free to slip at the face of the indentor, and second with the ice
frozen to the indentor.

Smooth flat indentor

The geometry of the arrangement is defined in Figure 7; d is the width of the indentor and
¢ is the ice thickness. When d is much smaller than ¢, the problem reduces to the classical
Prandtl indentor for which there is an exact solution,

plo = 1+7m/2 = 2.57,

R

i
Ear

Fig. 7. Geometry of flat indentor. Fig. 8. Lower-bound solution.
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therefore

I ~ 2.57.
Also when d is much larger than ¢, the lower-bound solution shown in Figure 8 becomes
exact, i.e.

plo = 1.0,
therefore

I = 1.0.

now be derived.

Between these limits, the problem is three-dimensional and I will depend on the ratio of dJt
which is sometimes called the aspect ratio. An upper bound solution for this problem will

FT| PLANE STRAIN

LOWER BOUND

SOUTINN

o |
SOWTION T

3 4 F
Fig. 9. Upper-bound velocity fields.

Fig. ro. Theoretical solutions.

Two kinematically admissible velocity fields are shown in Figure 9. It can be shown that

“solution I’ gives a lower upper bound (Morgenstern and Nuttall, unpublished). We will
work through one case for d/t=1.0. The indentor moves with velocity V and external work
De 1s

De - psz.

Internal dissipation due to shearing resistance ¢ occurs along the velocity discontinuity

surfaces such as (abde), (bcd), (afe). If the wedges are inclined at § to the edge of the ice
sheet, from symmetry the energy dissipated internally Dj is

d*sec 0 2d?tan 0
Di=¢ + 8 V cosec 6.
Equating D¢ and Dj, we get

4 1 I 1
8 cosf 4+23in0 '
To find the critical inclination, we put

pls)
cf ’
which gives 8 = 41° and
plo = 1.34,
ie. I = 1.94.

This calculation can be repeated for several values of djt to give the curve shown in
Figure 10.
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Rough flat indentor

If there is adhesion between the interface and the ice sheet, more dissipation of energy
takes place internally due to shearing resistance at the interface. Any value of shearing
resistance could be assumed at the interface up to the limiting value of ¢ the shear strength of
the ice. In this case, accounting for the extra resistance, the solution becomes,

p t tan 8 cosec 8 cot 8
~ = sec 8 cosec 04— -+ .
G d 4

2

Following minimization with respect to 8, the critical values of p/c may be found for the
range of d/t of interest. Again there is a plane-strain cut-off at d/t = o. The size-effect curve
for the rough indentor is also shown in Figure 10.

Solutions can also be found for circular indentors using the same technique (Morgenstern
and Nuttall, unpublished) but these will not be discussed here.

Discussion

As can be seen in Table I, the field ice pressures show no obvious trend with variations in
strain-rate over the range tested. For example, the lowest ice pressure of 2.5 MPa was obtained
at a strain-rate of 1.8 X 1074571 yet one of the highest ice pressures of 4.8 MPa was obtained
for a similar strain-rate (2.9 X 1074 s7'). In contrast the laboratory tests show a fairly obvious
strain-rate effect, with lower strengths being obtained at lower strain-rates (Figs 4 and 5).
Presumably lower field ice pressures might have been obtained had lower strain-rates been
tested.

Temperatures could not be controlled during the field tests, but ice surface temperatures
varied in the range —18°C to —7.4°C. However, as can be seen from Table I, there was no
obvious effect of temperature. In fact, some of the highest crushing pressures were obtained
with relatively warm ice. For example, a value of 4.83 MPa was obtained at a surface
temperature of —2.5°C, whereas at —18°C, the crushing pressure was 3.33 MPa. The
laboratory tests, however, did show a temperature effect, with higher crushing strengths at
—10°C than at —1.5°C (compare Figs 4 and 5). On the question of temperature, we should
remember that for the field tests, the underside of the ice would be at the same temperature
for all tests, and it is not unreasonable to suppose that failure might be initiated in this lower
strength ice. On the other hand, the warmer ice would also have a lower modulus so that the
deflection needed to reach failure might be similar to that in the cold ice.

All else being equal, theory and other data (Neill, 1976) suggest a reduction in ice pressure
as the aspect ratio (d/t) increases. No such reduction is noticeable in the three tests conducted
on the thinner test-pond ice (Table I). However, the crystal fabric of the thicker ice at Eagle
Lake was columnar with vertical c-axis, while the test-pond ice had horizontal ¢-axis. This
difference makes any evaluation of the effects of aspect ratio rather premature. It would
perhaps be more appropriate to compare the test-pond data with the Arctic tests (Croasdale,
1974) which were also conducted on ice with a horizontal ¢-axis; see Figure 11. As can be
seen, the Eagle Lake tests at higher aspect ratio do show a slightly lower ice-crushing pressure,
but this could be due to other reasons such as temperature or because the Arctic tests were
conducted with the ice well frozen to the indenter.

On Eagle Lake, the two tests performed with the ice frozen to the indentors did not show
any higher ice pressure (as theory suggests). However, the continuity and quality of the
frozen bond was not known.

The laboratory tests indicate higher strengths when the ice is confined and the failure is
forced to occur across the crystal columns. For similar ice type, temperature and strain-rate
the confined strengths are at least twice the unconfined strengths (see Figs 4 and 5). This
ratio is similar to that obtained by Frederking ([1972]) in similar tests.
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+ ARCTIC TESTS {Croasdale 1974)
O EAGLE LAKE TESTS {This paper)

d/r

Fig. 11, Ice pressure (p) versus aspect ratio (dft).

The uniaxial compression tests conducted in situ on Eagle Lake gave strengths of 0.71 MPa
and 0.99 MPa. These values are about half to one-third the strengths obtained in the labora-
tory at similar temperature and strain-rate. It is not clear whether this reduction is due to
poorer contact at the loading face, or whether it is truly a volumetric size effect as observed in
other materials such as rock and clay (Lo, 1970).

As discussed in Section 4, the. theoretical upper-bound solution relates the indentation
pressure p to the unconfined ice strength ¢ with the relationship shown in Figure 10. If perfect
contact exists, the ratio p/o is equal to [ in Korzhavin’s equation. It is of interest to compare
experimental values of p/c with the theoretical prediction for p/o or I. Unconfined compression
tests were performed on ice taken from five of the field test sites and between two and six
samples were tested from each site (see Fig. 6). The average values for each site are included
in Table II, as well as values of crushing pressure p. Values for I obtained experimentally
(p/o) and from theory are compared.

TasLE II, COMPARISON OF MEASURED AND THEORETICAL VALUES FOR [

Site number Gave P I=plo  ILineory djt
MPa MPa

2 3.93 3.33 0.85 1.36 0.91

3 9-35 4-95 0.53 1.34 0.97

4 3-49 3.59 1.03 1.34 0.97

5 3-73 3-52 0.95 1.35 0.95

6 1.84 3.24 1.80 1.37 0.89
Average of sites 4.40 3.7% 0.85 1.35 0.94

As can be seen, the agreement between the theoretical and experimental values of [ is not
very good. In all but one case (site 6), the theoretical values of I are greater than the measured
values. In other words, if we had only the theoretical values for I together with the small-scale
strength measurements and had tried to predict the ice pressure on the indentor, then in all
but one case, we would have been conservatively safe and predicted a higher pressure than
was measured. In the case of site 6 where we would have under-predicted the field pressure,
one might suspect that the small-scale strength value is erroneously low. However, there is no
evidence to support this suspicion. It is of interest to note that if we combine the average
strengths for all the sites listed with the theoretical value for I, the predicted field pressure
would be 5.9 MPa compared with the maximum measured value of 4.95 MPa.

In general, the above comparison (and the data given in Table II) suggests that laboratory
ice strengths are too high to use in the theoretical model. It is likely that ice exhibits a volu-
metric size effect which needs to be examined in order to test further the theoretical model
discussed in this paper.



INDENTATION TESTS AND ICE PRESSURES 311

CONCLUSIONS

"The work described in this paper has usefully extended the amount of data available for
ice pressures on narrow vertical faces. Values in the range 2.5 MPa to 5.0 MPa were obtained
for ice in good contact with the indentor. These values are lower than previously obtained
from similar tests in the Arctic which yielded values in the range 4.3 MPa to 7.25 MPa.
However, the Arctic tests were conducted on colder ice frozen to the indentors and of different
crystal structure. The field ice pressures show less sensitivity to temperature and strain-rate
than ice tested in the laboratory.

It has been shown that if the average value of unconfined compressive strength is used as
input to the theoretical model, the maximum field ice pressure is over-predicted by about
20%. It is possible that this is due to a volumetric size effect which seems apparent when
comparing the unconfined strengths obtained in the laboratory on small blocks with values
obtained on large in situ blocks on the lake.

The failure modes observed in the field were similar to the theoretical upper-bound
solutions. However, the tests have not confirmed the theoretical model. Additional tests over
a wider range of indentor widths and ice thicknesses would be needed to test the analytical
model adequately. Furthermore, it is obvious that ice has material properties which are
much more complex than assumed in the theoretical model. Further work to include the
effect of anisotropy is desirable, and in addition, work is needed better to define the true yield
criterion for ice at various strain-rates and temperature.

The results presented in this paper should not be used by the engineer to design piers for
ice-infested areas without further qualification. It is obvious that the perfect contact which
was striven for in these tests would not be appropriate to most actual structures.

ACKNOWLEDGEMENTS

The authors wish to thank Imperial Oil Limited for permission to publish this paper, and
also the members of the Arctic Petroleum Operators Association (APOA) who supported the
work. The project is one of over a hundred performed to date by APOA aimed at providing
the knowledge required to exploit safely and economically the resources below the Canadian

Arctic Seas.
The authors also wish to thank those of their colleagues who contributed to the project.

REFERENCES

Calladine, C. R. 1969. Engineering plasticity. Oxford, Pergamon Press.

Croasdale, K. R. 1974. Crushing strength of Arctic ice. (In Reed, J. C., and Sater, J. K., 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. M. W. [1972.] Preliminary results of plane strain compression tests on columnar-grained ice. (In
[International Association of Hydraulic Research.] LA.H.R. symposium. Ice and its action on hydraulic structures,
Leningrad, USSR, 26--29 September 1972. [Leningrad, International Association of Hydraulic Research], [Vol.
1], p. 23-27.)

Hawkef, 1., and Mellor, M. 1970. Uniaxial testing in rock mechanics laboratories. Engineering Geology, Vol. 4,
No. 3, p. 177-285.

Korzhavin, K. M. 1962. Vozdeystvive I'da na inzhenernye sooruzheniya [Action of ice on engineering structures]. Novo-
sibirsk, Izdatel’stvo Sibirskogo Otdel, Akademiya Nauk SSSR. [English translation: U.S. Cold Regions Research
and Engineering Laboratory. Translation 260, 1971.]

Lo, K. Y. 1970. The operational strength of fissured clays. Géotechnique (Loondon), Vol. 20, No. 1, p. 57-74.

Morgenstern, N. R., and Nuttall, J. B. Unpublished. The interpretation of ice strength from n-situ indentation
tests. [Report to Imperial Oil Ltd. APOA Project No. 16, 1971.]

Neill, C. R. 1976. Dynamic ice forces on piers and piles. An assessment of design guidelines in the light of recent
research. Canadian Journal of Civil Engineering, Vol. 3, No. 2, p. 305-41.

Prager, W., and Hodge, P. G. 1951. Theory of perfectly plastic solids. New York, John Wiley and Sons.



312 JOURNAL OF GLACIOLOGY

DISCUSSION

T. CarstENs: Both Dr Tryde and Mr Croasdale mentioned the analogy between icebreaker
resistance and indentor force. Perhaps we could make better use of the findings and techniques
of the icebreaker people in modelling ice loadings. Icebreaker resistance is commonly broken
down into three components: breaking resistance, submergence resistance and velocity
resistance. The latter is small for the velocities with which we are concerned, say 1 ms™*.
The loading on the indentor would then be the sum of a force due to breaking and a force due
to submerging of lifting of the broken ice-floes. The two forces follow different model laws.
Breaking is scaled by a constitutive law for the strength properties of the ice, say the Cauchy
law. The load due to gravity forces would be scaled by the Froude law.

In icebreaker research the breaking resistance has sometimes been eliminated in tests by
breaking the ice beforehand. What I propose or suggest is that we should explore the possi-
bility of decoupling the breaking force from the gravity force and run separate model tests
for each force component. Dr Michel’s paper is an example of a decoupled breaking test,
and he was able to include quite a few details in his investigation.

Dr Tryde demonstrated an interesting coupled model study, but such models are in-
herently more difficult to conceive and interpret than the simpler component models.

K. R. CroaspaLe: In studying ice crushing against a vertical face it is generally not necessary
to satisfy Froude scaling because gravity forces are not important. This is fortunate because
ice crushing involves complex internal stress states and it is important that these be studied
with the real material. In contrast, ice failure against a sloping structure involves both gravity
forces, which are complex, and also structural forces which are related to fairly simple stress
states. Simple bending failure can be modelled using weak ice in order to satisfy Froude
scaling. It would certainly be possible to use pre-broken ice to study gravity forces for simple
ride-up (assuming one could calculate the correct piece sizes). However, pre-broken ice
would be likely to pile-up in front of a structure because of instability of the floating pieces.

T. Lanc: In the field experiments the adjoining boundary is constrained, whereas in the
theoretical formulation the boundary is free. Has this difference in boundary constraints
been accounted for in some quantitative manner ?

CroaspaLE: In the field tests there are two initial tensile cracks which run at right angles to
the loading direction thereby creating the boundary condition used in the theoretical model.
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