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MEASUREMENT OF THE FRACTURE TOUGHNESS OF GLACIER ICE 

By R. M. ANDREWS 

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

ABSTRACT. Fracture-toughness testing of both 
fresh-water and sea ice has used specimen geometries 
designed for metals. These designs are too large and 
difficult to manufacture for testing material cored from a 
glacier. This paper presents an alternative specimen, a 
radially cracked ring fractured by internal pressure. Tests 
using this specimen on the Bersrerkerbrre, a valley glacier in 
the Stauning Alper, north-east Greenland, gave a mean 
fracture toughness of 58 kPa.,{m. This is half the value 
typically obtained by other workers in laboratory tests. The 
results are compared with other data and the reasons for 
the disagreement discussed. 

RESUME. Determinalion de la tenacile de la glace de 
glaciers. L'etude de la tenacite tant de la glace d'eau douce 
que de la glace de mer a ete faite en utilisant des 
echantillons dont la geometrie s'inspirait d'etudes similaires 
sur les metaux. Ceux- ci sont trop gros et trop difficiles iI 
fabriquer iI partir d'echantillons carottes sur un glacier. On 
presente un autre type d'echantillon: un anneau brise 
radialement par la pression interne. Les tests utilisant de la 
glace du Bersrerkerbrae, un glacier de vallee du Stauning 

NOMENCLA TURE 

a crack leng th mm 

ae extended crack length mm 

B specimen thickness mm 

dav average grain-size mm 

E elastic modulus GPa 

Gc fracture energy 

KI stress-intensity factor kPa.[rTI 

KIC fracture toughness kPa.[rTI 

KIC• corrected fracture toughness kPa.[rTI 

p pressure Pa 

Ri ring specimen inside radius mm 

Ro ring specimen outside radius mm 

W width of SEN or eT specimen mm 

x specimen dimension mm 

Y dimensionless polynomial in 
Equation (I) 

cry yield stress MPa 

v Poisson's ratio 

Alper (Nord-est du Groenland) donnent une tenacite 
moyenne de 58 kPa,/ffi. C'est la moitie de ce qui est 
generalement obtenu dans les tests de laboratoire. Les 
resultats sont compares avec d'autres donnees et les causes 
du desaccord discutees. 

ZUSAMMENFASSUNG. Messung der Bruchziihigkeil von 
Gletschereis. Die Untersuchung der Bruchzahigkeit sowohl 
von Susswasser- wie von Meereis benutzte Probeformen, die 
fur Metalle entworfen worden waren. Diese Formen sind zu 
gross und zu schwievig herzustellen, als dass sie fur 
Bohrkerne aus einem Gletscher verwendet werden konnten. 
Hier wird ein anderes Muster vorgestellt, das einen radial 
aufgesprengten Ring benutzt, der durch inneren Druck 
zerbrochen wird. Versuche mit diesem Verfahren fur den 
Bersrekerbne, einen Talgletscher in den Stauning Alper, 
Nordost-Gronland, ergaben eine mittlere Bruchzahigkeit von 
58 kPa,/in. Dieser Wert ist nur halb so gross wie der, der 
von anderen Forschern in Labortests ermittelt wurde. Die 
Ergebnisse werden mit Daten fruherer Arbeiten verglichen 
und Grunde fur den Mangel an Ubereinstimmung werden 
diskutiert. 

INTRODUCTION 

Increasing offshore oil exploration in Arctic areas 
requires knowledge of the forces exerted on large structures 
by floating ice. In a more exotic area, Poirier (1982) has 
suggested that knowledge of the fracture properties of ice is 
necessary to understand the tectonics of the moons of the 
outer solar system. One approach to these problems is to 
use engineering fracture mechanics to study the brittle 
fracture of ice. Smith (1976) predicted the depths of 
isolated and multiple crevasses in this way, and also (Smith, 
1978) used this approach to analyse the f1exure cracking of 
floating ice shelves. 

Fracture mechanics assesses the resistance of a material 
to brittle fracture by a parameter known as the fracture 
toughness. Methods of fracture-toughness testing 
high-strength metallic materials are now well defined in 
British Standards (British Standards Institution, 1977). The 
specimens used for testing metals have been used for testing 
both sea ice and laboratory-made fresh-water ice. Other 
methods such as indenters (Goodman and Tabor, 1978) and 
a pressurized interface crack (Andrews and Lockington, 
1983) have also been used in the laboratory. Andrews and 
others (1984) used modified standard specimens for testing 
ice cut from the surface of Roslin Gletscher (Stauning 
Alper, north-east Greenland). However, none of these 
designs is suitable for testing ice samples obtained from 
within a glacier by coring. 

This paper presents an alternative specimen, a 
pre-cracked ring made from a cylindrical core. The 1982 
Sheffield University NE Greenland Expedition used the 
specimen to measure the fracture toughness of the ice of 
the Bersrerkerbne. This is a valley glacier in the Stauning 
Alper, north-east Greenland, lat. 72°IO'N., long. 24°30'W. 
The lightweight apparatus used in the field is described. 
Although laboratory trials had been successful, the field 
tests were only partly so, showing a mean apparent fracture 
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toughness of 58 kPa/iil. This is half the value typically 
obtained in laboratory and field tests. The results are 
compared with other data and reasons for the disagreement 
are discussed. 

SPECIMEN DESIGN 

The concepts of linear elastic fracture mechanics are 
not discussed here. Knott (1973) and Lawn and Wilshaw 
(1975) give good introductions, and Miller (1984) has 
discussed the application of various fracture-mechanics 
parameters to ice. The standard specimens for testing metals 
are given in British Standards (British Standards Institution, 
1977), together with the procedure for interpreting the tests 
to obtain valid results. These specimens are shown in Figure 
I. 

SEN Bend 

OS 
Fig. 1. The standard fracture-toughness test pieces 

metals, drawn with the same crack lengths. 
for 

The production of these specimens by a lightly 
equipped expedition is extremely difficult. Andrews and 
others (1984) used modified single edge notch (SEN) bend 
specimens to test ice cut from surface hummocks on Roslin 
Gletscher. They were unable to test compact tension (CT) 
specimens, as it was impossible to make the holes for the 
loading pins. To test material from below the surface, 
specimens must be made from cores. The core diameter 
required for the geometries in Figure 1, especially the SEN 
specimen, is too great for field use, and accurate 
manufacture is difficult. 

A new geometry, taking advantage of the cylindrical 
core, was designed. The requirements were that it would be 
simple to make, required only a short length of undamaged 
core and would be self aligning in the apparatus. The final 
choice was a pressurized ring with a radial crack. This 
crack can be either external or internal; see the inset in 
Figure 2. In both cases, the pressure is applied using a 
pressurized rubber bladder. This obviates the need for seals 
on the ends of the specimen, and retains the fluid when 
the specimen fails. It is necessary to ensure that the bladder 
material is flexible at the test temperature. The method 
exploits the low fracture toughness of ice, as the fracture 
pressure was around 700 kPa. A similar test for metals 
would involve pressures of the order of 500 MPa. 

Externally cracked specimen 
Rooke and Cartwright (I976, p. 240) present graphs of 

stress-intensity factors for various wall thicknesses of the 
ring. For the particular case Rj/ Ro ~ 0.5 , where Ri is the 
inner radius and Ro the outer, the stress-intensity factor is 
given by: 

0 .74 + 0.12 [ a ] + 1.43 [ 
(Ro - Ri L(Ro 

(1) 
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Fig. 2. Stress-intensity factors for the pressurized radially 
cracked ring specimens. The geometries are shown inset. 

where Ko ~ plif(i. KI is the mode I stress-intensity factor 
p the internal pressure, and a the crack length. Thi~ 
equation was fitted by the present author to Rooke and 
Cartwright's graphical data; the overall errors are estimated 
at less than 3% over the range 0 < a/(Ro - Ri) < 0.7. 

Illternally cracked specimen 
The common case, where the pressure acts on both the 

bore and the crack faces, is also given by Rooke and 
Cartwright (1976, p. 247). However, if the pressurizing fluid 
is contained in a flexible bladder, the pressure acts only on 
the bore and not on the crack faces. Using results presented 
by Grandt (1978) and the Lame equations for stresses in a 
pressurized cylinder (see for example Dugdale, 1968, p. 94), 
the stress-intensity factor for this case was derived as: 

+ (2) 

Ov~r the range 0 < a/ (R o - Ri) < 0.65 the errors are 
estimated as less than 4%. It is emphasized that Equations 
(I) and (2) are only valid for the specific diameter ratio 
R;lRo ~ 0.5. Equations (I) and (2) are plotted in Figure 
2. 

Laboratory trials 
Laboratory trials were carried out using apparatus 

similar to the field apparatus described in the next section. 
Discs of ice were produced by directionally freezing chilled 
tap-water in moulds. A small hand corer was then used to 
form a ring of outside diameter 79 mm, inside diameter 
40 mm and average thickness 29 mm. The notch was cut 
with a hacksaw and the tip was sharpened by drawing a 
fine wire across the root. The specimen was placed over the 
bladder and the pressure increased until fracture occurred. 
The fracture toughness was then calculated using Equation 
(1) or (2) as appropriate. 

Nineteen tests were carried out at a temperature of 
-12°C. The overall mean fracture toughness was 120 kPajiii 
with a standard error of the mean of 12 kPajiii . InternaJl; 
cracked specimens showed a higher apparent fracture 
toughness than externally cracked. This was attributed to a 
systematic error in the tests. The rig was cooled for too 
long before the batch of internally cracked specimens was 
tested, causing the bladder to stiffen and raise the fracture 
pressure. 

As the mean value was in good agreement with the 
data readily available when the apparatus was designed in 
1981, it was decided that the design was suitable for use in 
Greenland the following summer. 
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FIELD APP ARA TUS 

The apparatus used on the Bersrerkerbrre is shown in a 
block diagram in Figure 3; for full details see Andrews 
(1983). The maximum design pressure of the rig was 
lA MPa [200 p.s.i .]. The specimen, notched and measured , 
was placed over the rubber bladder. Two cups, one 
moveable, restrained the expansion of the sections of the 
bladder outside the specimen. The moveable cup slid on two 
rods and was clamped in place during the test. A simple 
hand-operated hydraulic pump provided the pressure. The 
total mass of the apparatus and jigs for specimen 
manufacture was 6.3 kg. 

Reservoir 
and pump 

Pressure Fixed 

cup 
Specimen Moving 

cup 

Fig . 3. Schematic diagram of the field-test apparatus. 

RESULTS 

Test site and material 

Rods 

The tests were carried out in July-August 1982, at a 
site 100 m from the true left lateral moraine of the 
Bersrerkerbrre, as shown in Figure 4. There was no snow 
cover at the site. The ice tested had originated in Dunottar 
Gletscher, and had undergone substantial deformation while 
flowing into the main Bers3!rkerbrre. The ice was heavily 
foliated, these foliations being typically 2-4 cm wide, 
oriented vertically, and lying parallel to the glacier flow . In 
the bubbly layers many of the bubbles were elongated 
parallel to the flow, these bubbles being around 2 mm long 
and 0.5 mm in diameter. 

The grain-size at the test site and nine other points 
shown in Figure 4 was measured using a simple polariscope. 
For each grain-size sample, the total area was measured 
from photographs, the grains counted and an average 
grain-size dav calculated as: 

(3) 

·0 
0 

'. s 

• 
+72" O I5' N 

• Fracture toughness test site 

Grain-size sample 

I 

Fig . 4. Location of the test site and the samples used for 
grain-size measurement on the Bersrerkerbrre. 
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where A is the sample area and n the number of grains. 
The mean value for all 10 sites was 9.6 mm, with a 
standard deviation of 3.2 mm. There was no significant 
variation in grain-size with position on the glacier. There 
was also no variation in grain-size with depth below the 
surface, down to 1.5 m. A similar grain-size measurement 
for the laboratory-made ice used for the trials described 
above gave dav = 0.91 mm. 

Fracture-toughness results 
It proved very difficult to produce usable glacier ice 

specimens, as the majority of the cores shattered while 
cutting the central hole. This operation had not given any 
problems during the laboratory trials. All specimens were 
inspected for internal flaws before testing. The air 
temperature was typically 4 ·C; the bladder remained flexible 
but specimen melting was not significant. 

The outside diameter of all rings as tested was 78 mm, 
the inside 40 mm. This gives a ratio Ri/Ro = 0.51, which 
is sufficiently close to the value of 0.50 for which 
Equations (I) and (2) are valid. All specimens were 
externally cracked. Specimens were made from cores 
obtained at varying depths below the glacier surface down 
to a maximum of 2 m. 

Table I presents the results of the 20 successful tests. 
The stress-intensity factor was calculated using Equation (I) . 
The mean fracture toughness was 58 kPa/iii, with a 
standard deviation of 17 kPa/iii. There was no trend in 
fracture toughness with specimen thickness, crack length, or 
depth of sample. In all tests the time to fracture was 
approximately lOs, giving a mean stress-intensity rate of 
the order of 6 kPa/iii SI 

Urabe and Yoshitake (1981) applied a correction to 
their sea-ice results to account for "flaws" due to brine 
cells. They extended the measured crack length by one 
sub-grain-size. If the extended crack length is ae, then for 
the externally cracked ring specimen the corrected fracture 
toughness, KIC* is given by: 

(4) 

Here Y is the dimension less polynomial forming the 
right-hand side of Equation (I). For glacier ice, there is no 
equivalent to the sub-grain-size. To allow for 
grain-boundary flaws, the measured notch lengths were 
increased by half dav and the corrected fracture toughness 
calculated. These values are shown in Table I. Figure 5 
shows the variation of KIC and KIC* with the depth below 
the glacier surface. There is some variation of KIC* with 
depth, with a possible maximum at around 700 mm, but 
less variation of KIC. Five of these corrected values involve 
an extended crack length ae greater than the valid range of 
Equation (I); these have still been included in Figure 5. 
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Fig . 5. Variation of fracture toughness and corrected (using 
Equation ( 4)) fracture toughness with the depth of 
specimen below the glacier surface. 
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TABLE I. FRACTURE-TOUGHNESS TEST RESULTS FOR THE ICE OF THE BERS!£RKERBR!£, 
JULY-AUGUST 1982 

Test 
number 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

DISCUSSION 

Fracture Thickness Depth below 
pressure surface 

kh mm mm 

540 27 
460 30 400 
560 27 500 
480 27 700 
560 23 850 
240 30 220 
310 27 55 
330 25 25 
370 32 50 
260 20 150 
450 24 300 
260 10 350 
320 18 
230 12 
300 24 1200 
370 22 1400 
380 22 1750 
330 24 1900 
230 15 2000 
380 24 300 

Validity of the results 

Crack 
length, a 

mm 

6 
8 
6 

10 
6 
8 
6 
4 
8 
9 
8 
7 
9.5 
II 
8 
9 
7 

10 
9 
12 

The British Standard test method restricts the minimum 
specimen dimensions for a "valid" result. This ensures that 
the extent of crack-tip plasticity is small compared to the 
specimen dimensions. Adapted to this specimen, the 
requirements are: 

2 
K 

x ~ 2.5 3f. 
ay 

(5) 

where x is any of the crack length a, the thickness B, or 
the remaining uncracked ligament [(Ro - Rjl - al, and ay 
is the tensile yield stress. This was estimated from the data 
of Hawkes and Mellor (1972), who presented uniaxia1 
strength data over eight decades of strain- rate . Over a range 
of strain-rates between 10-5 S- 1 and 10-1 s-t, the tensile 
fracture stress was approximately constant at 2 MPa. Using 
this , the minimum valid dimension x would be 2 mm when 
KIC = 58 kPa/iii and the results reported here are valid. 
However, it should be noted that Equation (5) is empirically 
based on the results of Brown and Srawley (1966) for 
maraging steels and an aluminium alloy. The same criterion 
does not necessarily apply to ice, and may be unduly 
restrictive. 

An alternative method of assessing crack-tip plasticity 
considers the fracture energy Gc' In plane strain this is 
related to the fracture toughness by: 

2 2 
~(I-v) 

Gc = E (6) 

Here E is the elastic modulus and v Poisson's ratio; the 
values Quoted by Goodman and Tabor (1978) are 8.72 GPa 
and 0.31, respectively. If there are no dissipative 
processes at the crack tip , Gc is twice the surface tension, 
i.e. the energy of the newly created surfaces. In practice, 
Gc is greater; the difference can be used to assess the 
fracture mechanisms (Lawn and Wilshaw, 1975, p . 73-90, 
101-12). 

Using KIC = 58 kPaJjii. as the fracture toughness of 
glacier ice, Gc = 0.4 J m-2; if a value typical of laboratory 
tests, 120 kPa,/iii., is used, then Gc = 1.5 J m-2

. The 
surface energy of ice in contact with water vapour is 
0.11 J nf2 (Ketcham and Hobbs, 1969). If the fracture 
were ideally brittle, Gc would be twice this value. For both 
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K IC Extended 
crack length, ae 

kPa,(rii mm 

66 10.8 
73 12.8 
69 10.8 
93 14.8 
69 10.8 
38 12.8 
38 10.8 
31 8.8 
59 12.8 
46 13.8 
71 12.8 
38 11.8 
60 14 .3 
57 15.8 
48 12.8 
66 13.8 
53 11.8 
65 14 .8 
41 13 .8 
90 16 .8 

KrC' 

kPa/ffi 

114 
117 
118 
142 
118 
62 
66 
57 
95 
72 

114 
62 
93 
75 
77 

103 
88 
99 
65 

131 

ices, the fracture and surface energies are within an order 
of magnitude of each other. It is therefore unlikely that 
there is any significant plasticity at the crack tip . In 
comparison, for a typical high-strength steel with KIC = 
50 MPa,/iii. (Knott, 1973) and E = 210 GPa, v = 0.27, the 
fracture energy is II kJ nf2 . Lawn and Wilshaw Quote a 
computed surface-energy term for a-iron (the main 
component of steel) of 10 J m- 2 . For steel, the fracture 
energy is three orders of magnitude greater than the surface 
energy. 

In conclusion, from considering both the validity 
criterion, Equation (5), and values of fracture energy, the 
present results were not affected by crack-tip plasticity. 

Comparison with other results 
Table II summarizes other fracture-toughness data on 

laboratory-made fresh-water ice and glacier ice. Where 
available, the grain-size and crack length are Quoted. Unless 
stated otherwise, the tests were carried out at 
stress-intensity rates in the range 1-10 kPa,/iii. S-I, and 
temperatures in the range _5°C to -I 0c. 

The five SEN bend test results for laboratory 
fresh-water ice are in reasonable agreement, with a mean 
val ue of 108 kPa/iii The wide scatter of Gold's (1963) 
results is due to the multiple irregularly spaced cracks 
induced by the thermal shock. This has been discussed in 
greater detail by Andrews and others (J 984). Goodman and 
Tabor's (1978) indentation results used a crack within a 
single grain, and so are not strictly comparable with tests 
on polycrystalline material. The tests of surface ice on 
Roslin Gletscher (Andrews and others, 1984) agree with the 
laboratory results. 

However, the present data are significantly below these 
results, with one exception. This, the "bubbly" ice of 
Andrews and Lockington (1983), will be discussed in the 
next section. It is also noticeable that the present results 
have a grain-size comparable to the crack length, while the 
other tests generally had a crack several grains in length. 
This will be discussed below. 

The effect of air bubbles 
One explanation for the low fracture toughness of the 

present results is the presence of air bubbles in the glacier 
ice. The results of Andrews and Lockington (1983) partly 
support this. They presented results of tests at _5°C 
showing the variation of fracture toughness with the 
thickness of an air-bubble-free layer in the specimen. When 
the ice was completely clear, the fracture toughness was 
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TABLE n. SUMMARY OF FRACTURE-TOUGHNESS DATA FOR FRESH-WATER AND GLACIER 
ICE 

Mat erial Reference Test method KIC' Grain-size Crack length Remarks 
kPa/ii'i mm mm 

Glacier This paper Radially cracked 58 9.6 10 Bers<erkerbrre 
ice ring lat . 72°IQ'N., 

lat. 24 °30 ' W. 

Andrews and SEN bend 125 18 R oslin Gletscher, 
others (1984) (3 point) long . 7l

0
50'N., 

lat. 24°30'W. 

Fresh This paper Radially cracked 118 0 .91 10 
water ring 

Gold (1963) Thermal shock 50-160 1.5-6 2.4-9 KI at the arrest of a 
of plates propagating crack 

Liu and Miller CTS 124 5 50 
(1979) 

Goodman and SEN bend 116 "I mm to 10 Tested at -13 °c 
Tabor (1978) (3 point) single crystals" 

Pyramid Indenter 170-290 Crack in a single Tested at -20°C 
Conical Indenter >300 grain 

Goodman( 1980) SEN bend 118 10 5-10 High loading rate, 
(4 point) KI"'103kPa/ffi S- 1 

Urabe and SEN bend 98 5-10 50 From fitted 
Yoshitake (i 981) (3 point) expression , 

Temperature _2°C 
and K [=6 kPa/iii. S- 1 

Timco and SEN bend 83 2 12 
Frederking (i 982) (3 and 4 point) 

Andrews and Pressurized 105 clear 2-5 6.5 See text 
Lockington (i 983) interface crack 

comparable to conventional SEN bend tests . (The value in 
Table II has been converted from a fracture-energy value in 
the reference.) Extrapolating these data to a completely 
"bubbly" specimen, this author estimated the fracture 
toughness of "bubbly" ice as 50 kPa,/ffi, close to the value 
reported here. However, this agreement may be fortuitous; a 
detailed knowledge of the density, orientation, and size 
distributions of the bubbles in the two ices is needed. 

If ae is obtained by extending the crack by the length 
of an air bubble, 2 mm, Equation (4) can be used to assess 
the effect of air bubbles. The correction at a = 10 mm is 
an increase of 21 %, giving a mean fracture toughness of 70 
kPa/iii. . This value is still less than that obtained from most 
laboratory tests . It is thus unlikely that the air bubbles 
alone were the cause of the low fracture-toughness results . 

The effect of grain-size 
The theory of linear elastic fracture mechanics assumes 

an isotropic elastic continuum. Real materials consist of 
anisotropic grains but, provided these are randomly oriented 
and small compared with the dimensions considered, the 
continuum assumption is valid. Pook and Smith (1979) 
suggested that the intense crack-tip stress field, shown 
schematically in Figure 6, should be at least one grain in 
extent. This field itself should have a size less than 
one-tenth of the crack length. Thus for the linear theory to 
apply, the grains should be less than one-tenth of the crack 
length in size. 

The large grain-size of ice makes this condition 
difficult to fulfil!. This is shown in Figure 7. Here, Gold's 
results have been plotted as an average of the values in 
Table n. Goodman's (1980) results are not shown, as the 
stress-intensity rate was two orders of magnitude greater 
than in the other tests . Goodman and Tabor's (1978) tests 
are not plotted , as grain-size information is not available. 
Grain-size data is not available for the tests of Andrews 

50 bubbly 

and others (1984) on Roslin Gletscher; a size of 9 mm, 
comparable to the Bersrerkerbrre ice, has been assumed. 

Figure 7 shows that the present results have been 
influenced by the large ratio of grain-size to crack length. 
Where the grain-size is less than 0.6 (crack length), the 
fracture toughness is unaffected by the ratio of grain-size 
to crack length. The present results are at the largest ratio 
of any of the data, and have the lowest fracture toughness. 
The ring wall contained too few grains to give a true 
continuum response, and hence the results are not valid 
fracture-toughness measurements. The laboratory trial 
results, with a smaller ratio of grain-size to crack size, 
were valid. 

For the present results, the small number of grains in 
the ring wall invalidated the underlying assumptions of the 
theory. If the specimens were sufficiently large, true 
grain-size effects might have been observed. Urabe and 
Yoshitake (1981) showed such an effect for sea ice, after 
correction using Equation (4). In their case, the continuum 

Fig. 6. Schematic representation of a crack alld the 
crack-tip stress field in a polycrystalline solid. 
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Fig. 7. The effect of the ratio ( grain-size/ crack length ) on 
reported fracture-toughness values for laboratory-made 
fresh-water ice and glacier ice. 

theory was still valid, and the correction accounted for 
flaws . 

In conclusion, the glacier-ice results were invalidated 
by the large grain-size of the ice relative to the specimen 
size. Undetected flaws induced in manufacture may also 
have affected the results. The design of specimens for 
fracture-toughness testing glacier ice will have to take both 
of these problems into account. Ideally, the specimen 
dimensions should be at least ten times the likely grain-size, 
but this may well be impractical for cored specimens. The 
method of producing the specimen from the core will also 
require care to ensure that flaws are not introduced at this 
stage . 

CONCLUSIONS 

(1) A pressurized cracked-ring spec imen for 
fracture-toughness testing of cored ice samples has been 
developed, and shown to give valid results for 
laboratory-made fresh-water ice. 

(2) Tests using this specimen on the Bersrerkerbrre gave an 
apparent fracture toughness of 60 kPa/iTi, about half the 
toughness of laboratory- made fresh-water ice. 

(3) The large grain-size of the glacier ice relative to the 
specimen invalidated the assumptions of the elastic 
theory. 

(4) When fracture-toughness testing natural ice the specimen 
must be large enough to form an isotropic cont inuum. 

ACKNOWLEDGEMENTS 

Eann Patterson and John Thompson assisted with the 
field tests, and John Alien designed part of the apparatus. 
The Sheffield University NE Greenland Exped ition 1982 
received financial support from the Gi1christ Educational 
Trust the Mount Everest Foundation, the Royal 
Geog;aphical Society, the Scott Polar Research Institute, and 
the University of Sheffield. Assistance in kind was given by 
many individuals and organizations in Britain , Iceland, and 
Greenland. The author received support from a Sheffield 
University Travelling Fellowship and assistance with the 
construction of the test rig from the Royal Society. Or I.C. 
Howard kindly commented on the manuscr ipt; responsibility 
for errors remains the author's alone. I would a lso like to 
thank Professor K .J. Miller for his ad vice and 
encouragement throughout the project. 

REFERENCES 

Andrews, R .M . 1983. Measurement of the fracture toughness 
of glacier ice. (In Andrews, R .M ., ed. Sheffield University 
North East Greenland Ex pedition . Final R eport. Sheffield , 
Sheffield University, p. 27 - 59.) 

Andrews, E.H., and Lockington, N.A. 1983. The cohesive 
and adhesive strength of ice. Journal of Materials Science, 
Vol. 18, No. 5, p. 1455-65 . 

Andrews, R.M., and others . 1984. Fracture toughness of 
glacier ice, by R .M. Andrews, A.R. McGregor, and K .J . 
Miller. (In Miller, KJ., ed. The International Karakoram 
Project. Vol. 1. Proceedings of the international conference 
held at Quaid-i-Azam University. Islamabad . Pakistan. 
Cambridge, etc., Cambridge University Press , p. 147-59.) 

British Standards Institution. 1977. Methods of test for the 
plane strain fracture toughness of metallic materials. 
London , British Standards Institution. (BS 5477 .) 

Brown, W.F ., and Srawley, J.W. 1966. Plane strain crack 
toughness testing of high strength metallic materials . 
Pittsburgh, PA, American Society for Testing and 
Materials . (STP 410.) 

Dugdale, D.S. 1968. Elemellls of elasticity. Oxford, Pergamon 
Press. 

Gold, L.W. 1963. Crack formation in ice plates by thermal 
shock. Canadiall Journal of Physics, Vo!. 41, No. 10, p. 
1712-28. 

Goodman, D .J. 1980. Critical stress intensity factor (KIc ) 
measurements at high loading rates for polycrystalline ice. 
(In Tryde, P., ed. International Union of Theoretical and 
Applied Mechanics . Physics and mechanics of ice. 
Symposium Copenhagen. August 6-10. 1979. T echnical 
University of Denmark. Berlin, etc. , Springer- Veriag, p. 
129-46.) 

Goodman, D.J., and Tabor, D. 1978. Fracture toughness of 
ice: a preliminary account of some new experiments. 
Journal of Glaciology, Vo!. 21, No . 85, p. 651-60. 

Grandt, A.F. 1978. Stress intensity factors for cracked holes 
and rings loaded with polynomial pressure distributions. 
International Journal of Fracture, Vo!. 14, No. 4 , p. 
R221-29. 

Hawkes, I., and Melior, M. 1972. Deformation and fracture 
of ice under uniaxial stress. Journal of Glaciology, Vo!. 
11, No. 61, p . 103-31. 

Ketcham, W.M ., and Hobbs, P.V. 1969. An experimental 
determination of the surface energies of ice. Philosophical 
Magazine, Vo!. 19, No. 162, p . 1161-73. 

Knott, J.F. 1973. Fundamentals of fracture m echanics . 
London, Butterworths. 

Lawn, B.R ., and Wilshaw, T .R. 1975. Fracture of brill le 
solids . Cambridge, Cambridge University Press. 

Liu, H.W., and Miller, KJ. 1979. Fracture toughness of 
fresh- water ice. Journal of Glaciology, Vo!. 22, No. 86, 
p. 135-43 . 

Miller , K.J. 1984. The mechanics of fracture applied to ice. 
(In Miller, K .J ., ed. The International Karakoram Project. 
Vol. 1. Proceedings of the international conference held at 
Quaid-i-A zam University. Islamabad . Pakistan . Cambridge, 
etc., Cambridge University Press, p . 135-46.) 

Poirier, J.P. 1982. Rheology of ices. Nature, Vo!. 299, No. 
5885, p. 683-88. 

Pook, L.P., and Smith, R.A . 1979. Theoretical background 
to elastic fracture mechanics. (Ill Smith , R.A., ed. 
Fracture mechanics: current status. future prospects. 
Oxford, Pergamon Press , p. 29-68 .) 

Rooke, D.P., and Cartwright, D .J . 1976. Compendium of 
stress intensity factors. London, Her Majesty's Stationery 
Office. 

Smith, R.A. 1976. The application of fracture mechanics to 
the problem of crevasse penetration. Journal of Glaciology, 
Vo!. 17, No. 76, p . 223-28. 

Smith, R.A . 1978. Fracture mechanics of tidal flexure cracks 
in floating ice shelves. (In Taplin, D.M.R., ed . Fracture 
1977. Vo!. 3. Oxford, Pergamon Press, p. 627.-31.) 

Timco, G .W., and Frederking, R .M .W. 1982. Comparative 
strengths of fresh water ice. Cold Regions S cience and 
Technology , Vo!. 6, No. I, p. 21-27 . 

Urabe, N., and Yoshitake, A. 1981. Strain rate dependent 
fracture toughness of pure ice and sea ice. (In IAHR . 
International Association for Hydraulic R esearch. 
International symposium on ice. Quebec. Canada . July 
27-3/. 198 1. Proceedings. Vol. 2. Quebec, Universite 
Laval, p. 551-64.) 

MS. received ill revised form 3 December 1984 

176 

https://doi.org/10.3189/S0022143000006420 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000006420

	Vol 31 Issue 108 page 171-176 - Measurement of the fracture toughness of glacier ice - R.M. Andrews

