Journal of Glacielogy, Vol. 22, No. 86, 1979

FRACTURE TOUGHNESS OF FRESH-WATER ICE

By H. W. Liuv* and K. J. MILLER

(Department of Mechanical Engineering, University of Sheffield, Mappin Street, Sheffield
S1 3JD, England)

Asstract. The plane-strain fracture toughness of fresh-water ice was measured at various loading
rates and temperatures. The fracture toughness of ice decreases as loading rate increases and as the test
temperature approaches the melting point. The presence of liquid water seems to reduce the fracture
toughness, The fracture toughness for crack arrest is slightly lower than the static fracture toughness.

Riisume, La résistance a la rupture de la glace d’eau douce. La résistance 2 la rupture d’une glace d’eau douce
soumise a un effort développé dans son plan a été mesurée a des niveaux différents de charge et de tempéra-
ture. La résistance a la rupture de la glace diminue & mesure qu’augmentent les charges et que la tempéra-
ture approche le point de fusion. La présence d’eau liquide semble réduire la résistance a la rupture. La
résistance dynamique 2 la rupture de la glace est légérement inférieure i sa résistance statique a la rupture.

ZUSAMMENFASSUNG. Bruchfestigkeit von Siisswassereis. Die ebene Bruchfestigkeit von Siisswassereis wurde
unter verschiedenen Lastraten und Temperaturen gemessen; sie nimmt ab, wenn die Lastrate steigt und die
Versuchstemperatur sich dem Schmelzpunkt nihert. Die Anwesenheit von fliissigem Wasser scheint die
Bruchfestigkeit zu verringern. Die dynamische Bruchfestigkeit des Eises ist etwas geringer als die statische.

INTRODUCGTION

A modern approach to fracture toughness is to relate the resistance to fracture in materials
to the stress—strain condition at a defect such as the tip of a crack when it begins to grow. The
most serious problem of crack propagation is associated with the brittle behaviour of normally
ductile materials, e.g. as has occurred in pressure vessels, ships, and pipe-lines. The stress field
at the tip of a crack can be described with the aid of a parameter K called the stress intensity
factor, i.e.

ay = f (K, 1, 8) = Kfy(r, 8), (1)
where r and 6§ are polar coordinates with the origin at the tip.

It can be shown that, in general,

K = Yo+/ma, (2)

for linear elastic materials. Here ¢ is the applied stress, a is the crack length, and Y is a geo-
metric factor.

As stress increases, or as the crack grows, the value of K increases until a critical value K,
is attained at which fracture occurs. The most unsafe situation occurs when a crack is in a
constrained field that permits only minimal plastic deformation at the crack tip. This occurs
under plane-strain conditions. The plane-strain fracture toughness of the material is a
material property and is denoted by the symbol Ate. It is a function of environment, tempera-
ture, and loading rate. The suffix I refers to the tensile opening mode of crack extension
whilst 1T and II1 symbolize shear and anti-plane-strain modes. An alternative approach in
linear elastic fracture mechanics is to consider the energy release rate G. G can also be
considered as the rate of strain-energy flux flowing toward a crack tip as the crack extends.
Under plane-strain conditions

G = K(1—»)/E. (3)

Griffith (1921) derived a relation for brittle fracture from the Inglis (1913) elastic solution
for a cracked plate by equating G with the rate of increase in specific surface energy y, and
showed that the critical stress required to propagate the crack was given by

e = (2Ey|ma)t, (4)
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although Equations (2) and (3) would give

EG
o T <m1’=(1 —uz)) ' (5)

An extensive review of the elastic mechanics approach to fracture analysis is provided in a
special issue of the Journal of Strain Analysis (1975), whilst recent extensions to fracture
mechanics to account for energy losses due to crack-tip plasticity are given in a paper by
Kfouri and Miller (1976).

In the work of Kfouri and Miller, the fracture-toughness variation with temperature was
related to changes in yield-stress variation and so it is worth noting that the tensile, com-
pressive, and shear fracture strengths of fresh-water ice decrease rapidly as the test temperature
increases towards the melting point (Pinegin, 1923 ; Vitman and Shandrikov, 1938 ; Butkovich,
1954; Kozitskiy and Bybin, 1967). On the other hand, it appears that the compressive
strength of lake ice decreases as the stress and strain-rate increase (Korzhavin, 1962 ; Korzhavin
and Ptukhin, 1966) although recent work indicates that more study is required (Gold, 1977).
For example, as the rate of stress application increases, the tensile strength at first increases
but then passes through a maximum to attain a constant value (Jellinek, 1958).

Ice may be regarded as a brittle material and amenable to fracture analysis, even so, little
work has been reported on K, measurements. Smith (1975), in an analysis to determine the
depths of crevasses, assumed A to be zero. Gold (1963) studied crack formation caused by
thermal shock in polycrystalline ice. The cracks were formed on the surface and propagated
into the material. From the calculated thermal stress and crack size he estimated the values
of the stress intensity factor for crack arrest. In the present study, the fracture toughness of
fresh-water ice was measured at various temperatures between —1 and —46°C and at six
loading rates. Finally, values of fracture toughness in the presence of water and the stress
intensity factors at crack arrest were also measured.

EXPERIMENTAL PROCEDURE

Compact tension specimens of the geometry shown in Figure 1 were used for the fracture
toughness tests. The initial slot was cut with a bandsaw and then a V-notch was formed with
a very sharp blade at the bottom of the slot, to provide a notch-root radius of less than
0.002 5 mm. In order to maintain the notch tip geometry, the notch was coated with silicone
grease to prevent sublimation. Some of the specimens were pre-cracked before the fracture
toughness test. No significant difference could be detected between the measured fracture

H,= 122

104
T
0
=

1

W,=127

H,=33

ALL DIMENSIONS IN MILLIMETRES

Fig. 1. The compact tension specimen.
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toughnesses of the notched and pre-cracked specimens. The 25.4 mm thickness of the speci-
mens is considered sufficient to make valid A1 measurements of ice (Brown and Srawley,
[¢1966]).

The specimens were prepared from fresh-water ice slabs, approximately 8 cm thick.
These slabs were made from distilled water in an aluminium tank. To start the freezing, a
layer, 4 mm thick, of seeded, small-grain ice was formed using a fine water spray directed to
the bottom of the tank, pre-cooled water was then added. The four sides of the tank were
insulated, and the air temperature above the water was kept at approximately 5°C. The tank
was stored in a chamber at temperatures between —8 and —10°C. The ice froze from the
bottom upwards, thereby forcing a large number of air bubbles to form at the ice-water
interface. These bubbles were liberated by mechanical vibration. This technique produces
ice with low bubble density and facilitates the production of specimens which have no bubbles
in the region of the notch root.

The ice slabs are polycrystalline. The crystals are columnar with the long dimension of the
crystals perpendicular to the c-axes, which are themselves in the plane of the tank (see also
Perey and Pounder, 1958, and Hobbs and Ketcham, 196g). Specimens were made from 13
slabs in order to test the effects of temperature and loading rate on A7,.

Six loading rates were applied to specimens. The four fastest rates were controlled by the
crosshead speeds of the test machine and were 58 cm/min, 5 cm/min, 1 cm/min, and o.1
cm/min. The two slowest rates (0.06 cm/min and 0.005 cm/min) were load controlled.

Specimens were made from additional ice slabs in order to measure environmental effects,
such as the addition of a mixture of water and antifreeze, on fracture toughness. Further
details of the apparatus, specimens, and their manufacture will appear elsewhere.

Crack-arrest tests were also conducted to measure the values of the stress intensity factor
at crack arrest K1,. The experimental geometry is shown in Figure 2. The dimensions of the
specimens are approximately 25cm long, 12 cm wide and 2.5 cm thick with initial slot
lengths from 6.2 cm to 7.8 cm. The V-notch at the end of the slot was formed by freezing a
razor blade into the notch. The loading was applied with a g30° wedge, as shown in Figure 2,
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Fig. 2. The specimen and loading arrangement for measuring the fracture toughness at crack arrest.
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Fig. 3. A typical load record for a crack arrest lest.

using a crosshead speed of 0.1 cm/min. A typical load—time recording is shown in Figure 3.
As the load reached a critical level P; the crack started to grow. As the crack propagated, the
load dropped, and the stress intensity factor decreased. When the stress intensity factor
became low enough, the crack became arrested. The initial crack length and P; were used to
calculate K1.. The final load level P, and the final crack length were used to calculate K7ia.
Values of K1a were derived at three temperatures, viz. —12, —8, and —4°C. At test tempera-
tures lower than —12°C, once cracking was initiated the specimens fractured completely
without arrest.
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Fig. 4. The effect of temperature and loading rate on the fracture toughness of fresh-water ice.
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TaBLE I. FRACTURE TOUGHNESS OF ICE

Testing Crosshead .
Ice slab temperature speed K
No. °C mm/min kN/m3/2s
I —4 480 1970
1 —d 480 1 490
2 ~i, 480 1170
I —18 480 2 240
I —18 480 1 880
I —23 480 1 400
2 —23 480 1 520
2 —34 480 2 050
2 —34 480 1510
2 —34 480 1 870
1 —46 480 2 130
1 —46 480 2 020
3 —4 50 129
3 —4 50 114
3 —46 50 140
3 —46 50 131
6 —1 10
6 —1 10
7S —4 10
7 —4 10
{ —4 10
7 —4 10
4 —q 10 46
5 -9 10 38
5 —9 10
6 —18 10
6 —18 10
4 —26 10 51
4 —26 10 36
4 —26 10 42
4 =84 10 51
6 —34 10
6 —46 10
6 —46 10
7 —46 10
7 —46 10
7 —46 10
7 —46 10
8 —4 6 3.9
8 —4 6 39
8 —34 6 2.9
8 —34 6 *5.0
8 —34 6 5.2
9 —38 1 3-32
9 —8 1 1.67
10 —8 I 2.34
11 —8 I 2.25
12 —8 1 2.13
1 -8 1 2,62
12 —8 1 2.42
12 —8 1 2.36
12 —8 1 2.40
13 —30 1 2.54
13 —30 1 2.64
10 —30 I 2.43
10 —30 I 3.68
11 -8 0.5 0.25
12 —8 0.5 0.233
12 —8 0.5 0.25
10 —30 0.5 0.17
10 —30 0.5 0.193
11 —30 0.5 0.225
18 —30 0.5 0.21
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REesuLTs

The values of K1e, A (the time derivative of K), and test temperatures are shown in
Table I. The ice slab from which each specimen was taken is also indicated. The average
values of K7. at each combination of test temperature and loading rate are plotted in Figure 4
as a function of temperature. The equivalent crosshead speeds of the two lowest rates are
estimated from the average values of & of each of those two groups of specimens assuming
that the compliances of these specimens are the same as those tested at loading rates of
10 mm/min and I mm/min.

Values of fracture toughness were computed according to the equation

K1e = KPa'[BW, (6)

where P is the fracture load and a, B, and W are defined in Figure 1.
The equivalent factor 2 for the specimen shown in Figure 1 is given by

g = 29.6—185.5(a/ W) +655.7(a/ W)2—1017(a/ W)3+-638.9(a/ W)*. (7)
For tests involving specimens of the type shown in Figure 2, the value of Ay and A1a were
calculated from the equation derived by Kanninen (1973), namely,
F sinh?A¢+sin2A¢ sinh A¢ cosh Ac—sin Ac cos Ac
shabe & AbRE {Aa (sinhz).c—sinz)\c)_l_( sinh2A¢—sin2Ac¢ )}’ (8)
where ¢ = W—a, A = 1.565H, and F is the force in the tensile opening mode perpendicular

to the crack plane and is equal to 0.5P/tan 15° assuming frictionless contact. The values of
K were computed from a knowledge of the loading rate.

DiscussioN

The data show considerable scatter. This is probably caused by variations in ice crystal
properties between samples, particularly the variation of the grain size and the orientation
of the small number of crystals near the crack tip (the grain size of the specimens was about
5 mm). Machine misalignment, the variation of K within cach group of specimens at the
same crosshead speed, the slight variations of temperature from one test to another, and notch
shape may also contribute to the scatter. The variation of K at a given loading rate is primarily
caused by the variation of crack lengths from one specimen to another. In view of the large
scatter of the data, samples for a given test condition were often made from several ice slabs
in an attempt to reduce these systematic errors.

The data clearly shows high fracture toughness at low testing temperatures and at slow
loading rates. As a cracked specimen is loaded, the stresses in the vicinity of a crack tip are
increased. When the local stress exceeds the cohesive strength of the ice crystals, fracture
occurs. The fracture tests were carried out at temperatures very close to the melting point.
At these relatively high temperatures, creep takes place and the crack tip stresses are relaxed.
Furthermore, increased creep deformation and stress relaxation can take place at the slower
loading rates. In other words, when the same applied K is reached by specimens loaded at
various K, the crack tip stress of the specimen at the lower K is less because of stress relaxation.
Therefore, the applied K (at a lower K') has to reach a higher level in order to reach the same
level of fracture stress at the crack tip. As a consequence, the fracture toughness is higher at
lower values of K. In terms of energy, one may say that stress relaxation reduces the available
potential energy for crack extension.

It is well known that the fracture toughness of a truly brittle solid is directly related to its
surface energy, see Equation (4). Fletcher (1970) has shown that a transition from a crystalline
to a quasi-liquid surface exists at some temperature between —2 and —10°C. This thin liquid
film, a few tens of Angstroms thick, will lower the total free energy of the ice surface. The
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smaller Ao values at temperatures above —10°C could be caused by this anomalous surface
phenomenon.

" 'The solid—vapour interface energy of ice is 1075 J/mm?, whereas the solid-liquid interface
energy is 2.2 % 1078 J/mm? (Fletcher, 1970). Therefore it is probable that ice fracture tough-
ness will be reduced by the presence of water. Two separate batches A and B of ice specimens
were prepared. The fracture toughnesses of both batches were measured both in air and in a
mixture of water and antifreeze. The results are as shown in Table I1. The fracture tough-
nesses of ice in water are almost half of the corresponding values in air. These results provide
evidence that fracture toughness of ice is directly related to its surface energy.

TasLe 1I. EFFECT OF WATER ON FRACTURE TOUGHNESS OF ICE

Test .
temperature K Kie
°C kN/m3/2s kN/m3/2
Batch a
Air —8 0.25 480
—8 2.4 420
Water (80Y%,)+ antifreeze (20%,) —8 2.5 240
—8 2.3 180
Batch B
Air —g 4 83
Water (809%,)+antifreeze (209%,) —12 3 45

The fracture toughnesses of Batch a ice are higher than those listed in Table I, whilst
those of Batch B are lower. The real cause of this difference remains to be investigated.
However, it was noticed that the freezing rate of Batch A ice was slower, while Batch B ice
froze faster and contained considerably more air bubbles. However, in view of the fact that
the differences between the fracture toughnesses, in air and in water, are almost the same as
the range of scatter in data at a given test condition, additional effort is needed to substantiate
these observations.

The values of Are, A1, and test temperatures are given in Table III. The values of Ky,
vary from 125 to 150 kN/m®. The equivalent values estimated by Gold (1963) are in the
range 101 to 121 kN/m?. Itshould be noted that the definition of A7} used by Gold is less than
ours by a factor of 4/ and all the values quoted above are to our own definition. On average,
the values of Ay, are 309, lower than Aj. within the narrow testing-temperature range of
—4 to —12°C. Apparently, once a crack has started to grow, the inertia forces permit it to
continue until the value of K is sufficiently low.

The wedge moved into the slot at a rate of 0.1 cm/min and so the relative opening displace-
ment at the open end of the slot is approximately 0.05 cm/min. The cracks in these specimens
are longer than those listed in Table 1. Now, at a given rate of relative opening displacement,
at the open end of the slot, a lower value of & results for the longer crack. Therefore, a longer
crack is equivalent to a slower crosshead movement. It is estimated that the equivalent
crosshead speed is 0.03 cm/min. The K7 values of these specimens therefore agree quite well
with the data in Figure 4.

TaBLE I1I. FRACTURE TOUGHNESS OF ICE AT CRACK ARREST

Test
Specimen No. temperature Kie Kia
°C kN/m3/z kN/m3/2
1 —12 104 134
o ~T2 196 152
3 -9 189 142
4 —4 180 138
5 —4 226 152
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CONCLUSIONS

The fracture toughness of fresh-water ice is increased by a decrease in test temperature
and by a decrease in loading rate. Water reduces the fracture toughness of ice. The fracture
toughness for crack arrest in ice is slightly lower than its static fracture toughness.
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