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MECHANISMS AND THEORY OF INDENTATION OF ICE
PLATES

By B. MicHEL and N. ToussaINT

(Laboratoire de Mécanique des Glaces, Departement de Génie Civil, Université Laval,
Québec, Canada)

Apstracr. This study gives the results and interpretation of tests made in a cold room on ice plates held
vertically in a press and indented at various speeds with a rectangular indentor. These plates, 81 cm square,
were held and frozen solid to a steel frame to represent semi-infinite ice sheets. The tests were carried out
at —10°C with indentation speeds varying from 6 X 10-5 cm/s to g cm/s.

It was found that the nominal pressure of indentation varies as a function of loading rates in a manner
similar to that of the strength of S; ice in uniaxial compression. The pressure increases rapidly with loading
rates up to its maximum value at a strain-rate of 5X 104 s~'. From there on, the pressure decreases. In the
ductile range and up to the point of maximum pressure, a theoretical model was proposed where the theory
of Hill (1950) of indentation of an ideal plastic body can be applied to predict an indentation pressure close
to three times that of the uniaxial crushing strength.

The tests did not show any so-called “ratio effect” caused by the ratio of the indentor width to the plane
thickness. This effect could be explained by the influence of the geometry of the indentor on the strain-rate.

REsumE. Meécanismes et theorie de U'indentation de plaques de glace. 1’étude donne les résultats et I'interprétation
d’essais effectués en chambre froide sur des plaques de glace maintenues verticallement dans une presse
d’essai et indentés, & différentes vitesses, par un indenteur rectangulaire. Ces plaques carrées de 81 cm de
coté étaient congelées et maintenues dans un cadre rigide d’acier de facon A représenter des plaques de
glace semi-infinies. Les essais furent effectués & —10°C avec des taux d’indentation variant de 6 < 105 cm/s
a 3 cm/s,

La pression nominale d'indentation varie, en fonction des taux de chargement, d'une fagon semblable
a celle de la résistance ultime de la glace S, en compression uniaxiale. La pression croit rapidement avec les
taux de chargement jusqu’a un maximum correspondant A un taux de déformation de 5% 107+s~1. A partir
de ce point, la pression diminue. Dans le domaine ductile et jusqu'a ce maximum, un modéle théorique est
proposé ol la théorie de Hill (1950) de 'indentation d’un plastique ideal peut s’appliquer pour prédire une
pression d'indentation égale a prés de trois fois la résistance en compression uniaxiale de la glace.

Les essais n’ont pas montré d’effet géometrique causé par le rapport de la largeur de I'indenteur a
I'épaisseur de la glace. Cet effet peut étre expliqué indirectement par 'influence de la géometrie de 1’inden-
teur sur le taux de déformation.

ZUSAMMENFASSUNG. Mechanismus und Theorie der Prigebelastung von Eisplatten. Diese Arbeit enthilt die
Ergebnisse und die Interpretation von Versuchen in einer Kiltekammer an Eisplatten, die senkrecht in einer
Presse gehalten und mit einem rechtwinkligen Stempel unter verschiedenen Geschwindigkeiten eingeprigt
wurden. Die quadratischen Platten mit 81 cm Seitenlinge wurden in einem Stahlrahmen gehalten und fest
gefroren; sie konnten somit als halb-infinite Eistafeln betrachtet werden. Die Versuche liefen bei — 10°C
mit Pragegeschwindigkeiten zwischen 6 X 1075 cm/s und 3 cm/s.

Es zeigte sich, dass der nominale Prigedruck sich in Abhingigkeit von der Belastungsgeschwindigkeit
dndert, und zwar auf eine Weise, die dem Festigkeitsverhalten von S,-Eis bei einachsiger Kompression
dhnelt. Der Druck wichst schnell mit der Belastungsgeschwindigkeit an, bis er sein Maximum bei einer
Geschwindigkeit von 51074571 erreicht. Von da an nimmt der Druck ab. Fiir den Dehnungsbereich
und bis zum Punkt maximalen Druckes wurde ein theoretisches Modell entworfen, in dem die Anwendung
der Theorie von Hill (1950) fiir die Prigung eines ideal plastischen Kérpers zur Vorhersage eines Prige-
druckes von nahezu der dreifachen Quetschfestigkeit fiihrt.

Die Versuche zeigten keinen sog. ““Verhiltnis-Effekt”’, hervorgerufen durch das Verhiltnis zwischen
Breite des Prigers und Plattendicke. Dieser Effekt kénnte mit dem Einfluss der Form des Prigers auf die
Verformungsrate erklirt werden.

1. INTRODUCTION

Forces exerted by ice have a great importance in the design of hydraulic and marine
structures in northern countries. It is known that wind, currents, and the variation of air
temperature will initiate the movement of an ice field that may then transmit its energy to
any fixed boundary or structure that will oppose this movement. In fact, these forces are so
high in Arctic regions that they are the highest forces that will have to be taken into account
in designing any structure to be placed in the area.
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The highest forces that floating ice can transmit to any structure is that of impact in any
vertical part of it. This case has been the object of many recent studies and it is of high
practical interest at the present time. However, an extensive bibliography by Korzhavin
(1962) shows that Russian studies on this question date back to the nineteenth century.

The problem of indentation of a floating ice sheet has been studied in many ways, with
mathematical and physical models and also with measurements in the field. Unfortunately,
many discussions in the literature are contradictory, and it is difficult to obtain a universally
accepted view of a solution to this problem.

In the present study we have tested ice plates made of perfect columnar S, ice indented at
the edge with a flat punch. The objective was to cover the full range of loading rates of
practical interest where failure would occur in all ranges from ductile behaviour to brittle
fracture.

It was also important to study the form factors related to the size of the indentor that are
much discussed in the literature. The results were used to identify the various mechanisms of
indentation and develop a theoretical model to best solve the problem of indentation in the
ductile range.

2. PRESENT POSITION

The relatively simple case of indentation of ice by the vertical face of any structure shows
that the largest forces are associated with crushing along the contact perimeter in a more or
less continuous manner. The force acting on the structure is usually defined by the effective
ice pressure f:

F = pbh, (1)

where F is the force on the structure, p the effective ice pressure, & the width of the structure,
and k the thickness of the ice. The main question, then, is to relate the effective ice pressure to
the actual crushing strength of the ice and other geometrical factors.

One of the first and most widely used formulae is that of Korzhavin (1962) for vertical
piers:

p = Cmka (V| V,)—0-33, (2)

where C is the indentation coefficient caused by biaxial stresses, increasing with the ratio of
ice-sheet width B to pier width » and given as 2.5 by Korzhavin for Bfb = 15; m is the
coefficient for the form in plan of the pier, equal to one for a rectangular-nosed pier; £ is the
contact coefficient allowing for incomplete simultaneous contact of ice over the whole area
of ice bh; V is the velocity of the ice sheet related to V,, a reference velocity, Korzhavin says
this expression is valid for deformation rates of 1073 to 107257'; and ¢ is the uniaxial com-
pressive strength of ice.

Most discussion on the problem of ice indentation has centered around the dependence
of the indentation coefficient C on the aspect ratio b/h of the indentor and on the validity of
using the expression for the velocity in the formula.

The velocity term was included to allow for the observed dependence of the strength of
ice on the strain-rate, as said previously, but the functional relationship given in the formula
has not been supported in a general manner by more recent tests (Frederking and Gold,
[1972], 1975).

Recent research has been aimed at determining the effect of what is called the ratio factor
b/h on the value of C. Experimental work was done by Afanes’yev and others (1971), Schwarz
and others (unpublished), Frederking and Gold (1975) and general reviews made by Michel
(1970), Assur ([1972]) and Neill (1976).
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The tests are usually done by indenting ice at a constant speed while varying the ratio
b/h from 1 to 8. The results are close to those represented by Afanes’yev with the empirical
relation:

C = (shfb+1)4, (3)
which gives a value of C close to Korzhavin’s 2.5 for b/h = 1.

Frederking and Gold (1975) have also found that the indentation factor does not depend
on the ice thickness but only on the width of the indentor. Schwarz and others (unpublished)
found a small dependence on the ice thickness, but they used natural ice made of a top layer
of 8, ice with a random orientation of the c-axis followed by S, ice of horizontal c-axes.

The present investigation deals both with the effect of the velocity of impact and the
geometrical factors.

3. EXPERIMENTAL SET-UP

The experimental investigation was carried out in a cold room of the Lahoratoire de
Mécanique des Glaces et Université Laval. Tests were done on ice plates made of fresh-water
S, ice held vertically in a press and indented at various speeds with a rectangular indentor.

The ice plates were 81 cm by 81 cm in plan and their thickness varied from 2.5 cm to
10 cm. Ice was grown in a laboratory tank with standard techniques to produce S, ice made
of fine crystals with an average diameter of 7.54+-2.5 mm. The ice was completely bubble-free
and the technique of production is described by Michel and Ramseier (1971). The ice plates
were machined using a special rig to obtain regular and smooth surfaces with a maximum
variation in thickness of 2.5 mm. The top 10 cm of the ice in the tank was made of P, snow-ice
and 5, columnar ice of random orientation of the ¢-axes ; it was discarded in order to have only
homogeneous S, ice of horizontal ¢-axes.

An hydraulic press was designed to operate in the cold rooms for these tests at loads up to
12 000 kg. It is composed essentially of a rigid frame large enough to receive the plates, a
cylinder, and piston with a high-pressure hydraulic pump where the oil discharge is variable.

©

c—

Fig. 1. Layoul of experimental rig: (1) loading frame with hydraulic piston, (2) flat-edge indentor, (3) square ice plate, 81 em
sides, (¢) rigid frame holding the ice plate.
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With this system the speed of the piston can be varied from 6 x 1075 cm/s to 3 cm/s. Loads
are measured with a load cell and displacements with a linear differential transformer.
Recordings are made either with an XY recorder or an oscilloscope. Time-lapse pictures
were also taken with cameras of various characteristics during the indentation process.
Figure 1 illustrates the set-up of the testing machine.

4. RESULTS OF TESTS

A total of 22 indentation tests were made: the test conditions and usable results are listed
in Table 1. Essentially, the tests were done to study the effect of the major parameters
influencing the indentation process, the most important being the effect of the strain-rate on
failure in the full range of ductile behaviour and of brittle fracture. Also studied was what
we might call the scale effect, which depends on the scale of the set-up itself compared to
prototype conditions, and was characterized here by the indentor width. Finally, evaluation
was made of the effect of a most important factor which is defined as the ratio of & to k.

The failure mechanism differs considerably as a function of the rate of indentation. We
will now describe these processes for the various failure modes.

TasLe I. RESULTS OF TESTS

Test Indentor Ice Indentation Effective Maximum

No. width thickness Ratio rate strain-rate strength
mm mm (b/h) m/s g1 kPa

1 50.8 101.6 0.5 5.08 X 1076 2.50 X 1075 6 412
3 50.8 50.8 1.0 1.27 X 1075 6.25 X 1075 g 825
3b 50.8 50.8 1.0 5.08 X 1076 2.50 X 1075 7377
4¢ 50.8 50.8 1.0 4.65 x 1073 2.29 X 1072 13 548
5 101.6 50.8 2.0 9.75 X 1078 2.40 X 1075 6 550
7 203.2 50.8 4.0 1.83 X 1075 2.25 X 1072 6 584
10 50.8 50.8 1.0 4.93 X 107% 2.43 %1073 22 407
11 50.8 50.8 1.0 4.83 X 1073 2.38 X 107+ 13 444
12 50.8 50.8 1.0 5.84 x 1077 2.87 x 1070 4619
13 25.4 50.8 0.5 2.54 X 1076 2.50 X 1075 7 584
14 2.5 25.4 0.5 1.52 X 1076 2.99 X 1075 7 722
15 6.3 25.4 0.25 0.95 % 1076 3.74 X 1073 8 g63
16 12.7 50.8 0.25 1.40 X 1076 2.76 X 1075 6 722
Lo 25.4 101.6 0.25 3.05 X% 1076 3.00 X 1075 8 gb3

4.1. Pure ductile behaviour

Under pure ductile behaviour, micro-cracks are formed under the indentor as shown in
Figure 2. These cracks are randomly oriented and their length is of the order of magnitude
of the crystal diameter. They tend to propagate to the full width of the plate along the
longitudinal axis of the crystals. As the indentor progresses, the concentration of these minor
cracks increases and a zone of continuous fissured material of a whitish appearance is formed
right under the indentor. This zone, which we might call the zone of plastification, extends
to about 1.6 times the indentor width where yield occurs. It was also noted, in all tests with
a ductile behaviour, that very little cracking activity will appear at a distance beyond 2.5
times the indentor width.

This process of pure ductile behaviour appears to be valid with increasing strain-rates up
to an effective indentation rate of 2.5 x 1075 s7%.

The test for that rate is shown on Figure 2. The corresponding recording of load versus
displacement is shown on Figure 3. It can be seen that the recording is continuous but that
there is a large reduction in effective pressure after the peak has been attained. This reduction
is in the order of 60%,.
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Fig. 2. Formation of micro-cracks in pure ductile indentation. For loading curve see Figure 3.
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Fig. 3. Loading curve—test number 13, b = 2.54 cm, h = 5.09 cm, v = 2.54 X 16~* emfs.
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4.2. Failure in the transition zone

For an effective indentation rate of 6.25 x 1075 s~ there is an important evolution of the
failure mechanism. Because of the increase in the indentation rate, the stress concentrations
at the corners of the indentor are high enough to propagate major cracks through the plate
before yielding can occur in the ductile manner. These macro-cracks separate the plate in
many sections but they do not attain the physical limits of the constrained plate. On Figure 4,
the cracks at the corner make an angle of about 30° with the vertical. Other macro-cracks
may also appear with increasing strain-rates.

Fig. 4. Macro-crack and micro-crack formation during indentation in the transition zone. For loading curve see Figure 5.

Because of the fact that these macro-cracks cannot fail the constrained plate as such, the
mechanism of micro-crack formation is still repeated under the indentor as for pure ductile
behaviour and the yield strength continues to increase with strain-rates up to a limit around
X 107457

Figure 4 shows the failure that gave the maximum pressure during this investigation at a
rate of 2.43 x 107357, The recording of the load is given on Figure 5. It can be seen that
because of the major cracking within the plate, the recording fluctuates after the first peak and
the residual load is only about 25%, of the peak.

4.3. Pure brittle fracture

Five tests were carried out at strain-rates higher than 2.4 x 1072s~' which showed com-
pletely brittle fracture. They were characterized by major crack formation, peeling of the ice
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Fig. 5. Loading curve—test number ro, b — 5.08¢m, h = 5.08 ¢m, v = 4.93 % 1072 cm/s.

and very little micro-crack formation. In fact, no plastification zone could be seen in front
of the indentor.

The major cracks that formed were similar to those observed during the transition from
ductile to brittle behaviour. The first micro-cracks appeared at the corners of the indentor
making an angle between 30° to 40° with the vertical. Other major cracks were formed and
sometimes a vertical fissure appeared separating the plate in two sections. However, these
major cracks did not produce the failure of the plate.

The failure of the plate was produced by peeling of the ice on both sides of the plate under
the indentor. Sometimes the peeling occurred over a very short distance under the indentor.
At other times, one or two cleavage cracks would appear and extend inside and in the plane of
the plate. They would then reappear on the sides to form a semicircular scale of ice that fell
off. This cleavage process is very similar to that observed by Shadrin and Panfilov (1962) and
Hirayama and others (1974), the latter suggesting that they are caused by tension inside the
ice plate because of the lateral restraint of the indentor. The remaining ice layers were then
finally crushed into very small pieces that fell off the side of the plate.

Figure 6 describes this type of brittle fracture and Figure 7 gives a recording of the load
in a particular case. It can be observed that brittle fracture is accompanied by a considerable
decrease in effective pressure on the indentor after the first peak, of the order of 30%, of the
maximum load.
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Fig. 6. Brittle fracture—scaling and thinning: (1) indentor, (2) rigid frame, (3) inlernal crack appearing at the surface,
(4) thinning of the ice plate.
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Fig. 7. Loading curve—test number 4C, b = 5.08 cm, h = 5.08 cm, v = 3.30 cm]s.
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5. DISCUSSION OF RESULTS
We will now discuss the previous results in a quantitative manner.

5.1. Physical model of indentation in the ductile range

We have previously used the expression effective strain-rate, which need to be defined in
such a way that it will be compatible with measurements of ice strength under uniaxial
conditions in the ductile range. As said previously, it was observed in all tests that the area
of micro-crack production did not extend beyond 2.5 times the width of the indentor and
that this value appears to be a constant whatever be the width of the indentor, the thickness
of the plate, or the rate of indentation in the ductile range. With this observation we have set

v

Fig. 8. Physical model of indentation process: (1) indentor, (2) zone of plastic flow, (3) zone of ductile deformation with
micro-cracks, (4) zone of elastic deformation without crack.

up a physical model of deformation mechanisms shown on Figure 8. Close to the indentor is
the plastification zone where the lines of slippage are shown, followed by a circular area of
micro-cracking and ductile behaviour of the material. Outside of this area, the ice is deformed
very little in the elastic range.

From this model and taking into account the biaxial effect we can define the effective
strain-rate as the rate of deformation in the zone of ductile behaviour with the expression:

é = V4, (4)

where ¥ is the rate of indentation and ¢ the equivalent uniaxial strain-rate in s—%.
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5.2. Scale effect

The scale effect may be defined as the measure of the influence of the size of the model
tests to represent the actual behaviour of ice at full scale in Nature.

One way to assess this effect is to class the strength results as a function of the width of the
indentor for a constant strain-rate. This was done for a strain-rate of 2.5x 10755 and
indentor widths varying from 6.3 mm to 203.2 mm. The results are shown on Figure g.

10,000

90000 o

B000 ~

7000 ~ e

6,000

5,000

4,000

apoog 50 100 150 200 250

Fig. 9. Scale effect on model results.

It can definitely be seen that there is an increase in strength for indentor width equal to or
smaller than 25 mm. This can be explained by the importance of the grain size (around
7.5 mm) compared to the indentor width and the fact that the particular orientation of only
one grain might thus influence the results. Because of this, tests numbers 14-19 which show
this scale effect could not be used for further analysis.

As found previously by Frederking and Gold (1975), the plate thickness, which varied
from 25.4 mm to 101.6 mm in these tests, does not appear to influence the results.

5.3. Strain-rate effect

The results of tests numbers 1 to 19 inclusive can be used to correlate the indentation
pressure to the strain-rate.

Figure 8 shows the physical model of indentation described previously. Close to the
indentor we may use, according to Hill (1950), a zone of perfectly plastic material where the
slip lines satisfy the equations of plasticity theory. The four equilateral triangles cMA-ANE-
ESB-BTG represent regions where the glide lines are straight and make an angle of 45° with
the plane of the indentor in contact with the semi-infinite material. Both corner triangles are
tied with segments of circles whose respective centers are A and B. The zone which deforms
plastically is then limited by the points cMNESTGC.

Adjacent to this fully plastic zone of large deformation there is a zone of ductile behaviour
of the material extending to the limit cvc where the maximum distance is Ev = 2.5b. Outside
this limit, the material behaves in a perfectly elastic manner as said previously.

With plasticity theory, the nominal pressure of indentation under the indentor can be
computed. With the Huber-Von Mises failure criterion, this pressure is:

P = 2.970, (5)

where o is the uniaxial yield strength of the material in the zone of ductile behaviour.
Let us now compare the computed yield strength of ice obtained from indentation with
that measured directly in uniaxial compression. This is done in Figure ro.
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Fig. ro. Universal curve for uniaxial crushing and indentation of S, ice at —10°C: O Michel and Paradis (1976),
uniaxial; ()~ —— Carter and Michel (1972), uniaxial; t Frederking and Gold (1975), indentation; * Hirayama and
others (1974), indentation; % present study, indentation.

The strength of ice in uniaxial compression is a function of the strain-rate and is given in
the ductile range by Michel and Paradis (1976) and listed in Table TI. The best-fit formula
for the experimental results with S, ice at —107C is:

¢ = Aexp [—QIRT] o, (6)

with 4 = 470.76 and where @ is the activation energy of 21 662 cal/mole (go 694 J/mole)
for S, ice, R is the universal gas constant 1.986 2 cal/mole K (8.316 J/mole K), n is 3.097 for
S, ice and o5 is in kPa.

It can be seen that the value of n for this type of ice is very close to the 3 proposed by

Glen (1955).
Explicitly, Equations (5) and (6) give the indentation pressure:

p = 89 57000323, (7)

where C is the indentation coefficient equal to 2.97. This formula is valid in the ductile range
for strain-rates ¢ from 10 #s7' to 5x 107%s7%.

In the brittle range, the strength of S, ice in uniaxial compression for horizontal samples
taken 10 cm below the surface at —10°C is given by Carter and Michel (1972), and listed in
Table II. The results are plotted on Figure 10. It may be observed that the ice strength
increases in the ductile range up to a maximum for ¢ close to 5 107*s~! and then stays a
constant for higher strain-rates.
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TABLE II. EXPERIMENTAL DATA ON UNIAXIAL CRUSHING STRENGTH OF S, ICE AT — 10°C

Ductile range Brittle range
Michel and Paradis (1976) Carter and Michel (1972)
o —log € a —log €
kPa éin 51 kPa éins!
381 6.751 10 cm below the surface
41 6.687
29 6.404 5884 3.08
663 6.398 7 012 2.90
1131 5.689 6 g63 2.90
1199 5.686 6 227 2.78
1 195 5.701 7355 2.68
4214 4.196 5 148 2.68
4 782 4.194 4982 2.56
2 996 4.715 5688 2.56
2 857 4.716 4 608 2.38
1735 5.238 4 707 2.38
1 852 5.201 4 608 2.20
5 098 2.537 6 276 2.08
5 850 3-604 4413 0.90
5 541 3.826 4658 0.90
5 361 4.090
3 701 4.665
2 020 5.208
807 6.054
676 6.888
804 6.038 25 cm below the surface
715 6.564
715 7.209 2 gb7 5.00
343 7.760 2 844 5.00
343 7.720 5 443 4.30
343 7-766 5247 430
343 7-324 5933 4.08
343 7-203 5933 4.08
343 7-436 6 865 3-95
736 6.569 4903 39
717 6.562 7 355 3.2
717 6.416 6 853 3.26
717 6.585 4 65 2,20
717 6.756 4335 2.03
717 6.730 4413 2.03
508 7.095 4854 2.03
508 7.182 4335 1.73
508 7.057 4 766 1.73
508 6.877 4 903 0.90
508 6.729 4413 112
508 6.901 5198 .12
703 6.143 4 707 1.12

For the indentation tests, results from the present investigation, from Frederking and Gold
(1975), and some results from Hirayama and others (1974), are listed in Table II1. They were
reduced with the value of C = 2.97 and are plotted on Figure 10.

It can be seen that the representation on this figure is universal both for uniaxial com-
pression and indentation, and that the fit is very good for all tests in the ductile, transition,
and brittle zones. For brittle fracture, the indentation process is however completely different
and the theory of ductile behaviour does not apply.

It is most interesting to note that the influence of the strain rate is opposite that obtained
by Korzhavin (1962) and given by Equation (2). But Korzhavin’s results were valid for
strain-rates from 1073 to 1072 s~ ! where ice strength is decreasing in the transition zone as we
have also found in this study.

The final formula for indentation for plates of S, ice would then be, using a notation
similar to that of Korzhavin:
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(a) In the pure ductile zone
p = Cmkoy(é[&,)°-32, (8)
valid for 108571 < é < 5xX10~*sT with C = 2.97, m = 1.0 for a rectangular
indentor, k£ = 1.0 for full contact and 0.6 after or with incomplete contact, 6, = 7 000
kPa is the maximum strength of S, ice at —10°C! and a strain-rate ¢, of 5xX 10745~ %
This strength could be computed for other temperatures using Equation (6).

(b) In the transition zone
p = Cmkoq(é/eg)0-12°, (9)
valid for 5x 107451 < ¢ < 107251 with £ = 0.25 for incomplete contact. This is

very similar to the original Korzhavin’s formula where the pressure is decreasing
with an increase in strain-rate.

(c) In the brittle zone
p = Cmkan,, (10)

valid for € > 10~2 s~! where op, is the uniaxial crushing strength of the ice under
brittle conditions, C &~ 3 and & = 0.30 for incomplete contact.

The recordings for five tests in that range could not be used but the mechanism of failure
shows that the cleavage cracks that propagate under the indentor, followed by crushing, are
similar to those obtained for conditions under uniaxial testing. The only valid test during this
study, and those of Hirayama and others (1974) corrected for an ice temperature of —10°C,
show that the coefficient €' of around g could still be used in that range.

TasLE III. INDENTATION PRESSURE FOR A RECTANGULAR INDENTOR AND S, ICE AT —10°C

Present study Frederking and Gold (1975)
—log € P —log €
kPa éins! kPa €1in s71
6 412 4.60 3 630 5.95
g 825 4,20 2 510 6.56
7377 4.60 2 340 6.56
13 548 1.64 3 280 6.08
6 550 4.62 1'930 6.56
6 584 4.65 2 520 6.38
22 407 2.61 2 6go 6.38
19 444 3.62 2 320 6.56
4619 5-54 2 330 6.56
2 320 6.56
2 300 6.56
Frederking and Gold (1975) 3 350 6.08
1 980 6.68 3 600 6.08
2 710 6.38 2 070 6.56
2 680 6.38 2 350 6.56
2 obo 6.56 2 310 6.56
2 280 6.56 2 350 6.56
1 580 6.86
3 430 6.08 Hirayama and others (1974)
1 6go 6.86 Corrected to —10°C
3 660 6.08 20 640 1.62
3 390 6.08 16 760 1.92
2 130 6.68 13 640 2.22
2 640 6.25 12 380 0.92
2 050 6.68 12 000 0.92
1 670 6.86 12 8go 2.30
2 870 6.25 12 050 2.60
3 280 5-95 12 840 2.30
2 930 6.26 11 400 2.60
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Table IV shows the rate of advance of an ice sheet that produces the maximum pressure
and-the limiting speed that gives the least pressure; the first one at a strain-rate of 5x 107+ 5!
in the ductile range and the second at 102 s~! at the beginning of the pure brittle fracture.
In applications with drifting ice, it can be seen that velocities of impact would normally
be high enough to produce fracture in the brittle manner. The possibility of the maximum
pressure occurring in the ductile range seems to be remote and limited only to the case of
small-speed movements of large ice fields set up by the wind.

TaBLE IV. CRITICAL RATES OF ADVANCE OF ICE

b v v
€= 5xX 1074571 € = 102571

m m/s mfs

1 2X 1073 4X107%
5 1 X102 5X 1072
10 2 X 1072 1X 107t
20 4X 1072 2X 107!
30 6x102 g X 107"

5.4. Aspect-ratio effect

Four tests were made specifically to study the influence of the aspect ratio b/ at a constant
effective strain-rate. The results are shown on Table I.

The dispersion of results is small and they show essentially that the strength in indentation
is independent of the aspect ratio b/h for this condition of constant strain-rate.

This is different from what has been reported by previous authors and the reason is that
they have investigated the aspect ratio effect at constant rates of indentation instead of
constant strain-rates.

If we try to represent our results at a constant rate of indentation V,, we would have with
Equations (4) and (8):

Vm{4b>o.3z -

i (Vowu

If we introduce the strain-rate effect into a new coefficient €’ and we compare its value
with that of empirical Equation (3) where €’ = 2.45 for b,/k = 1, Equation (11) becomes:

C" = 2.45(b/h)o-32. (12)

40

b/h
Fig. 11. Influence of the aspect ratio b|h on the indentation cogfficient C: — —— Afanes’yev and others (1971),

present study.
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The comparison between Equation (12) which represents our results and that of Equation
(3) which represents most of the other investigators’ results, is shown on Figure 11. They are
essentially the sa me, so that effect can be directly explained by the dependence of the strength
of ice on the strain-rates.

6. CoNCLUSION

The results of this experimental investigation tie in nicely with those of others and enable
us to get a clear understanding of the mechanism of failure and of the values of indentation
pressures which have been the object of discussion in the past.

The major factor that effects the behaviour of ice at failure is the rate of deformation.
With a new definition of the effective strain-rate it is possible to express directly the indentation
strength in the ductile range as a function of the uniaxial crushing strength of the ice with the
theory of a perfectly plastic material which flows directly underneath the indentor. The
maximum indentation pressure is obtained for the same strain-rate for which ice under
uniaxial compression has its maximum yield strength and then there is a similar transition
from the ductile to the brittle behaviour. For rates higher than about 102! failure under
indentation changes completely in character and the ice is destroyed by peeling on both sides
of the plate and local crushing under the indentor. This leads to a decrease in indentation
pressure to about two-thirds of the value of the maximum pressure. Furthermore, for incom-
plete contact, the reduction in pressure in the brittle range can be as much as 80%,.

Although no ratio effect can be found for indentor widths over 25 mm, there is some
question as to the possibility of extrapolating to the real size where the ice is far from perfect
and the uniaxial strength varies with the ice thickness. Furthermore, any vertical instability
of a floating ice sheet would cause the ice to buckle before the maximum load could be attained.
In the field, load would develop only with very slow ice movements which seem possible only
when a large ice field is free to move with the wind. For normal drifting ice on rivers and in
the sea the indentation pressure drops considerably in the brittle range. Thus it is of the
highest importance that this sudden change in behaviour of the ice with a large reduction in
pressure be verified in the field and fully investigated.
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DISCUSSION

F. D. Haynes: Recent tests on polycrystalline isotropic ice have produced high values for
uniaxial compressive strength. In fact, these strength values are about double the values you
show in the transition and brittle ranges on your universal curve. Would you expect the
strength of columnar (polycrystalline, orthotropic) ice to peak and plateau in the transition
and brittle ranges when polycrystalline (isotropic) ice does not?

B. MicHeL: We have some tests on two types of isotropic ice which are P, snow ice and S,
congealed frazil ice. Both ices with smaller grains have shown higher values of uniaxial
crushing strength than S, columnar ice but they have also shown essentially the same pheno-
menon of transition from ductile to brittle behaviour with an intermediate zone where the ice
may fail either in one mode of the other. As the strain-rate increased, the probability of ice
failing in the ductile range at higher and higher strengths decreases considerably, so that
eventually you have only brittle fractures at lower strengths.
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