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ABSTRACT. Field-test equipment called FIFT (a Field Instrument for Fracture 
toughness Tests on ice) was used in both field and laboratory fracture-toughness tests 
on brackish sea ice from the Gulf of Bothnia. An experimental calibration was 
performed and a compliance expression was then derived for the Short Rod Chevron 
Notched (SRCN) specimen. Using the SRCN configuration, for which the initial 
crack growth is shown to be stable, and measured load-point displacements, 
preliminary crack-growth velocities are found. The obtained estimated crack velocity 
is, on average, lie = 20 m S- I, albeit with a large standard deviation. The results 
indicate that critical crack (crack-jumping) growth occurs. The apparent fracture 
toughness, KQ, was found to have a pronounced dependency on porosity in the form 
of brine volume. The results obtained are derived from a linearly elastic fracture 
mechanics (LEFM) theory. Consequently, the tests were designed to satisfy small­
scale yielding requirements in terms of notch sensitivity and brittleness. The linearity 
of the load vs crack-opening displacement curves together with a size-effect study, 
showing that the specimen is notch-sensitive for grain-sizes ranging from 1.6 to nearly 
100 mm, indicate that LEFM could be applicable. 

INTRODUCTION 

Ice-structure interaction results in loads. Structures in 
cold regions must be designed to withstand forces that ice 
can exert. A number of investigations have studied the 
mechanisms of ice failure. Ice can fail by a continuum 
mode of failure or by a fracture mode of failure. Fracture 
appears to be the dominant failure mode in Nature and 
the presence and growth of cracks are of great importance 
to the final loading level, e.g. Fransson and others (1991). 
Thus, the study of fracture mechanics is important in ice­
engineering problems in order to obtain the necessary 
knowledge regarding the physics of fracture in labor­
atory-grown and naturally occurring ice. A survey of 
recent fracture-toughness tests on sea ice has been 
summarized by Stehn (1991); it is clearly evident that 
before fracture mechanics can be safely applied to ice­
engineering problems, further basic understanding of the 
mechanical behavior of sea ice is needed. 

In the field, cracks are exposed to sublimation, free 
water and creep deformation in the vicinity of the crack 
tip that makes them heal and blunt. Parsons (1990) 
demonstrated that a crack in ice can remain atomically 
(mathematically) sharp and that cracks do not extend 
slowly through creep. Dempsey and others (1990) and 
DeFranco and others (1991) found that there is a 
necessary minimum notch-tip radius that must be 
attained if fracture-toughness tests on fresh-water ice 
and saline ice are to be interpreted in terms of linear 
elastic-fracture mechanics (LEFM). In the light of these 
findings, it is clear that in fracture-toughness testing it is 

essential to prepare a crack that is truly sharp· . A sharp 
crack is a necessary but not sufficient condition for the 
applicability of LEFM which also relies on the energy­
dissipation process in the body being near local to the 
crack tip in order not to affect the overall elastic response, 
the so-called case of small-scale yielding. For metals, 
small-scale yielding has been stated in ASTM E399 
(1983) and requires a large crack length compared with 
the grain-size. However, for cracks comparable to the 
grain-size (as often can be the case for fracture testing on 
ice) the toughness obtained can only be regarded as a 
quasi-polycrystalline value which in no way fulfils the 
requirements for LEFM. Thus, the geometrical dimen­
sions of the test specimen must be large enough to be 
notch-sensitive. In this context, the geometry is consid­
ered notch-sensitve if the net failure stress stays constant 
with increasing crack length (at least within a certain 
crack-length interval) . Specimens having cracks outside 
this interval may experience a strength failure instead of 
an LEFM-type fracture failure and is referred to as notch­
insensitive (Dempsey and others, 1992). 

The specimen selected for this study is the Short Rod 
Chevron Notched (SRCN) specimen (see Fig. 1). The 

* The considerable scatter for the fracture toughness 
found in the literature is not unexpected since different 
loading rates, temperatures, grain-sizes, crack orient­
ations and loading geometries were used. In addition, 
the results are highly influenced by the methods, or lack 
of methods, to fabricate and sharpen the cracks. 
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The standard ISRM specimen size is 
B = O.69W = 2.0Sa o 

0 = 27.30 

Fig. 1. The short-rod chevron-notched, BRCN, specimen 
geometry with standard configuration according to IBRM 
(1988). 

apparent fracture toughness, KQ,t for chevron-notched 
specimens in general, here the SRCN specimen, is 
determined from a quasistatically growing macro-crack. 
An initial crack oflength ao initiates from the chevron tip 
upon loading. For materials such as aluminum (Shannon 
and Munz, 1984) and rock (Ouchterlony, 1989a), the 
crack advances in a stable manner under increasing load 
due to the special geometry of the chevron notch. This 
initial quasistable crack growth will produce a sharp 
macro-crack. Unstable crack growth occurs at the 
maximum load corresponding to a critical crack length, 
ac , which is a function of the specimen geometry alonet . 
Thus, the SRCN specimen appears to be well suited for 
obtaining near Krc values for rate-dependent materials, 
since no crack-tip sharpening method should, in theory, 
be needed. 

To date, the emphasis has been on determining the 
fracture toughness corresponding to the initiation of a 
stationary macro-crack. For toughness tests, without the 
consideration of crack-growth stability, only single 
determination of KIc is possible. The stable crack-growth 
characteristic of sea ice and fresh-water ice is desirable for 
a number of reasons: it permits the crack-growth 
resistance, R, to be determined as a function of crack 
velocity, a and amount of crack growth, ..da; it permits 
the design of controlled experiments; it permits the 
toughening effect of the micro-structure on the crack 
growth to be determined and it permits the evaluation of 
the critical energy-release rate, Grc. Crack stability and 
growth on ice have only lately received any attention 
(Parsons and others, 1988, 1989; DeFranco and Dempsey, 

tDue to the lack of a fracture-toughness testing standard 
for ice, the notation KQ should be used to denote an 
apparent fracture toughness (Dempsey, 1989). This type 
of notation has long been used in the fracture-toughness 
testing of rock, e.g. Ouchterlony (1982). 

tOnly for materials with flat crack-growth resistance 
curves, R curves, does the maximum load correspond to 
the critical crack length ac. For materials with rising R 
curves, maximum load does not occur coincidently at ac . 
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1990, 1991). Controlled crack propagation may often be 
achieved simply by the choice of the appropriate 
specimen geometry. The SRCN specimen is known to 
promote quasistable crack growth which is also clear from 
energy-balance calculations. From this discussion, the 
SRCN concept is felt to be especially suitable for fracture 
studies on ice. Three main conclusions can be reached: 

The LEFM approach is valid provided that three 
essential conditions are met: (A) the crack tip is sharp, 
(B) the crack length must be large in comparison with 
the grain-size, and (C) the specimen size must be 
sufficiently large in comparison with the crack-tip 
energy-dissipation zone for the stress and deformation 
fields surrounding the crack to be elastic. 

Further basic understanding of the beha vior of sea ice 
is needed. This knowledge is best gained from a 
combination of field measurements and laboratory 
studies. 

The SRCN geometry offers several advantages: the 
cylindrical form is obtained from ordinary core 
drilling and the shaping of the desired form can 
easily be carried out in situ; it gives quasistatic crack 
growth in other brittle solids and has a favorable 
design for a minimum of released strain energy. 

The present work includes: the development (with the 
above conclusions in mind) of a test system called FIFT 
(a Field Instrument for Fracture toughness Tests on ice) 
using the SRCN ~,pecimen geometry; the crack-growth 
stability and velocity; a minimum specimen-size criterion 
parallel to Dempsey (1991) in terms of notch sensitivity 
and brittleness; the influence of porosity on the apparent 
fracture toughness with respect to first-year granular and 
columnar (often warm and rafted) brackish sea ice from 
the Gulf of Bothnia. 

SRCN SPECIMEN GEOMETRY AND 
CALm RATION 

The SRCN with basic notation is shown in Figure 1. In 
this study the specimen configuration suggested by the 
International Society for Rock Mechanics, (ISRM, 
1988), will be used. With the specimen diameter, B, as 
the measure of the specimen size, four independent 
parameters describe the un cracked geometry. The mode 
I energy-release rate, Cr is given by 

p 2fJC 
Cr = 2bfJa (1) 

where C is the elastic compliance ({iF! P ) and (iF the load­
point displacement and b the trapezoidal crack-front 
width which for a given dimensionless crack length, 
0= a/W, is given by b = B[(o - 0 0 )/(1 - oo)J. Accord­
ingly, re-arrangement of Equation (1) in terms of the 
linear elastic stress-intensity factor, KJ

2 = CE', to obtain 
the shape function gives 

Here, C' is the dimensionless compliance, C' = CE' B, 
where E' is the effective elastic modules = E for plane 
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stress, = EI(l - v2) for plane strain. For a sufficiently 
brittle material the stress-intensity factor attains its 
critical value when the load reaches a maximum: FIll&X 
at Y" = Y~(W I B, 0c, (0) where oc is the dimensionless 
critical crack length. 

To the author's knowledge, no analytical solution for the 
shape function is available. Various calibrations are 
therefore necessary for the derivation of Y~. The most 
complete calibrations are to be found in Bubsey and 
others (1982) and Shannon and others (1982), and in 
Matsuki and others (1991). For the application to FIFT 
where a pressure is applied over a circular load area, the 
SRCN specimen was calibrated for a load-area loading 
(see Stehn, 1990). Three specimens were taken from a 
200 mm diameter polypropylene cylinder. The sizes of the 
diameter B and the length W were varied to provide 
load-area to diameter ratios of ALl B = 0.27, 0.54 and 
0.81. The crack length was increased in steps so that 
.do ~ 0.05 for 00 ::; a ::; 0.95. To reduce errors, slope 
(compliance) measurements were taken as averages over 
two load cycles. A value was obtained during loading and 
unloading in each cycle. 

I t became clear that y~ and oc are rather insensitive 
to variations in ALl B. The maximum deviation in Y~, 
compared to the ISRM standard, was found to be about 
1.5%, which is negligible compared with the uncertain­
ties in the measured values. A change in the type of 
loading appears to alter the shape function in the manner 
described by Ingraeffa (1984) and Matsuki and others 
(1991) . 

The curve that best fitted the compliance-data plotted 
in Figure 2 was to be: 

(4) 

Thus, Y" for SRCN using FIFT may be calculated 
according to Equation (2) as 

y" = [C /(12.54 - 45.370 + 44.91(2)(1 - (0)/(0 - oo)]!. 

(5) 
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Fig. 2. Experimental load-point SRCN compliance for 
ALl B = 0.27 plotted in a In C' versus a curve. 

Stehn: Instruments and methods 

The critical crack length a c is found by interpolating and 
extrapolating the values from Shannon and others (1982); 
see Stehn (1990). Using the technique of Ouchterlony 
(1985), this results in: 

( 
LlW Llao) 

Oc = 0.570 1- 0.068 B + 0.6361f 

where, for the variations in Wand aa, we have: 

.dW = W -1.45, 
B B 

~ao ao 
13= 0.481- B' 

(6) 

(7) 

The initial dimension less compliance, Co I when a = aa, 
has been given by Ouchterlony (1989b) 

I ( ~ao, (t )) Co = 84.5 1 + 2.901 B + 2.527 B - 0.012 (8) 

where t is the chevron-notch thickness . The elastic 
modules when bending the specimen material is thus 
given by: 

(9) 

where Co is the initial tangent slope. 

FlFT - A FIELD INSTRUMENT FOR FRACTURE­
TOUGHNESS TESTS ON ICE 

A complete facility for fracture-toughness testing on ice 
should contain two separate parts: a laboratory test 
facility and field test equipment. An in situ test can never 
give more accurate results than the laboratory counter­
part. However, ice-engineering problems require "real" 
ice properties measured in the field. In line with that 
developed by Fransson and others (1989a, b), a field 
instrument for fracture-toughness tests on ice has been 
developed by Stehn and Fransson (1989) and Stehn 
(1990). The key design requirements for FlIT were: 

The test procedure must be simple enough for two 
men to handle in the field. No complex load frame or 
power supply were to be required. 

A high system stiffness. Naturally, it must be stiffer 
than the elastic modulus of ice, E ~ 5 - 9 GPa, but 
also stiff enough to present a loading condition 
favorable to stable crack growth. 

The design of FIFT is shown in Figure 3. FIFT has two 
basic components: a field instrument and a data­
acquisition system. The length of the field instrument is 
430 mm. Together with the portable data-acquisition 
system, the total weight is about 15 kg. Field conditions 
are wet and cold, so all temperature-sensitive equipment 
(amplifier, data-acquisition unit and the batteries) is 
placed inside an insulated box that is heated with a simple 
chemical heating system. 

In principle, the instrument consists of a house 
attached to a hydraulic load cushion. The house is a 
threaded, hollow pipe filled with fluid. A simple hand­
held electrical drilling machine is used to rotate a screw 
that via a piston depresses the fluid from the house into 
the load cushion. The load cushion is fitted into a slot of 
the SRCN specimen. This is schematically shown by the 
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<I> 20 mm 

HOUSE 

Outside diameter 

<I>14mm~ _______ ~~ 

Revolving rod piston 

Sliding-compressing 
piston 
-------ffi!~ 

Inside diameter __ ~;!( 

<1>6 mm 

laser welded 

LOAD 
CUSlllON 

Width 6 mm 

250 mm 

anti-freezing mixture (water 

and glycol) 

~ 
measuring with 

~:":.~47~ a strab gauge 

fullbridge with 

range 0-100 kg 
Amnlifier 
battery powered 

with peak load 

capacity 

PiCQ hi-recorder 

battery powered. 
frequency 

sampling 80 Hz. 

The output is 
printed on paper 

Fig. 3. Layout of FIFT: general outline, detail of loading 
arrangement and detail if cushion with a schematic if the 
data-acquisition system. 

41 8 

shaded, circular area in Figure 1. When the fluid 
(antifreezing mixture of water and glycol) is compressed 
into the cushion, one side stays motionless while the other 
expands, linearly, and applies force on the specimen. The 
drilling machine develops a torque of 11 N m and rotates 
at 1100 rpm. This is powerful enough for the loading rate 
to be fairly constant at around 200 N S-l. The load is 
measured directly via a small 1000 N load cell (Kyowa 
LM-IOOKA). 

Several tests have been performed in cold rooms to 
check the reliability of the instrument. The cushion is 
designed to sustain very high pressures and to verify this it 
was subjected to a pressure of 800 kPa. The cushion did 
not leak or burst. The reaction at different temperatures 
was examined, with emphasis on the function of the load 
cell and load housing. No drastic changes were found. 

EXPERIMENTAL PROCEDURE AND RESULTS 

These fracture tests were conducted on ice from the Gulf 
of Bothnia on three separate occasions, February-March 
1988, April 1990 and January-April 1991. The ice from 
1988 was used in preliminary FIFT tests. The grain 
structure of the ice was determined from thin vertical and 
horizontal sections. The structure was found to be 
predominantly granular, with layers of columnar ice 
15-20cm apart (see Fig. 4). This indicates that the ice 
was rafted. Some samples were collected and tested at 
lighthouses further out in the Gulf and they had a 
columnar structure. Two samples, No. 5.3 and 5.4 (see 
Table I), had grown under calm conditions and consisted 
of very large columnar grains. The specimens were made 
from cores with a diameter of 193 mm. The SRCN 
specimen slot with its chevron notch was machined with a 
bandsaw and a milling machine. In the field, the 
specimens were manufactured with a hand-held saw 
and milling machine. In all cases, except test No. 4.8,5.3 
and 5.4, the crack front was perpendicular to the 
direction of the crystal growth. For the tests mentioned, 
the crack front was parallel to the columnar grains, i.e. 
the same as radial cracking. Average grain-size was 
estimated using the mean linear intercept method and 

Fig. 4. Vertical thin section photographed between crossed 
polaroids. 
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Table 1. Test data and results for sea-ice S.RC,;V specimens 

No. ac/da.v S T Fmax tr KQ E GIc/GQ 

mm mm-l ppt _oC N kPam1/2 GPa Jm-2 

l.l 199/2.7g =74 0.12 5.0 287.0 2.0 98 5.9 1.2/1.6 
1.2t 163/1. 7g = 96 0.14 5.0 208.0 2.3 64 3.8 0.6/1.1 
1.3 198/3.7g =54 0.08 5.0 329.8 1.9 112 7.6 1.2/1.6 
1.4 194/2.9g =67 0.07 5.0 299.7 2.0 103 5.3 1.4/2.0 
1.5 192/3.0g =64 0.09 5.0 325.4 2.0 108 
1.6 186/- 0.08 7.5 339.4 1.7 97 
1.7 175/- 0.23 7.5 309.0 1.6 88 
1.8 198/- 0.33 7.5 241.3 2.3 70 
2.1 175/4.6g = 38 0.22 10.0 294.4 1.4 87 6.4 0.6/1.2 
2.2 169/3.3g = 41 0.22 10.0 273.2 2.8 95 6.1 0.8/1.5 
2.3 177/3.9g = 45 0.31 10.0 266.3 1.5 73 5.4 0.6/1.0 
2.4 171/4.¥ = 39 0.24 10.0 246.6 1.4 85 8.7 0.5/0.8 
3.1 178/1.9g =94 0.11 5.1 254.2 1.2 73 
3.2 183/1.9g =96 0.30 4.1 178.9 1.3 54 
3.3 185/3.3g = 56 0.05 3.8 357.2 2.2 107 
3.4 203/2.0g = 102 0.17 4.1 257.6 1.7 80 
3.5 178/3.¥=52 0.31 3.8 192.7 1.5 55 
3.6t 197/1.¥=141 0.12 4.2 60.6 2.3 21 
3.7 179/2.8g = 64 0. 15 4.3 284.2 1.2 82 
3.8 176/1.8g = 98 0.22 3.5 167.2 1.5 48 
3.9 181/3.3g =55 0. 13 3.2 328.6 1.8 94 
3.10 179/1.9g = 94 0.31 3.8 172.0 1.3 53 
3.11 180/1.6g = 112 0.41 4.2 118.0 1.2 33 
3.12 181/2.0g =90 0.38 2.1 152.9 1.2 46 
4.1 167/3.3g = 51 0.02 2.0 408.8 1.5 137 
4.2 155/4.3g = 36 0.01 2.9 588.2 1.6 143 
4.3 173/19.8c=9 0.06 5.3 350.6 1.8 112 
4.4 168/22.2c = 8 0.09 3.4 481.8 2.0 153 
4.5 167/30.0c = 6 0.02 3.4 503.8 2.1 168 
4.6 159/17 .5c = 9 0.02 2.9 349.9 1.8 103 
4.7 160/10.8c= 15 0.12 4.7 301.1 1.4 84 
4.8 167/6.4g = 26 0.08 1.2 375.2 1.2 112 
5.1 157/52.9c = 3 0.05 8.9 482.5 1.2 127 
5.2 163/4.7g = 35 0.11 9.0 369.7 1.0 III 
5.3 158/90mc = 2 0.20 9.0 304.9 1.3 83 
5.4 154/100mc = 2 0.04 9.0 276.8 0.7 72 
6.1 158/2.7g =59 0.04 10.0 475.6 1.4 136 3.1 4.1/6.0 
6.2 155/2.7g = 57 0.04 10.0 316.5 1.4 83 4.2 1.4/1.6 
6.3 155/3.1 g = 50 0.10 10.0 356.3 3.0 99 7.6 1.0/1.3 
6.4 153/2.8g = 55 0.04 10.0 313.5 3.8 73 3.3 2.0/1.6 
6.5 152/2.1 g =72 0.02 10.0 516.4 1.0 124 7.3 2.4/2.1 
6.6 152/3.4g = 45 0.04 10.0 377.8 1.5 88 4.0 2.5/1.9 

t transverse failure (see text); g granular; e columnar; me monocrystal. 

ranged from 1.6 to nearly 100 mm. The ice was rather measured and each specimen was carefully examined. 
porous as demonstrated by the average densities of The temperature was measured immediately after the test 
875.5±7kgm-3 at - 1°C for series 1, 883 .4±22kgm- 3 at in a small hole drilled into the specimen approximately at 
- 5°C for series 2, 883.2±5 kg m-3 at - 3°C for series 3 and ae . With the exception of No. 1.2 and 3.6, the specimens 
894.8±9 kg m-3 at -10°C for series 4-6. The temperatures cracked along the chevron notch. In the above-mentioned 
during the tests varied between - 10° and -1.5°C. Loading tests, a transverse failure occurred before a proper 
rates were difficult to estimate but the time to fracture evaluation of the fracture toughness could be made. 
ranged from 0.7 to 3.8s. This appears as a broken "arm" where the crack had 

After testing, the dimensions of the specimens were veered off from the chevron plane and out into the arm. 
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Ouchterlony (1985) has described this phenomenon with 
regard to rock specimens. 

The fracture surfaces were visually examined. The 
critical crack length was clearly visible in most cases. 
Furthermore, very interesting features of the fracture of 
sea ice could be seen, just by the naked eye. In the upper 
triangular part of the notch the surface had a wavy 
appearance showing evidence of conchoidal brittle 
fracture. The lower part of the chevron notch showed a 
smoother surface with horizontal lines extending over the 
whole width of the notch. The lines came closer together 

towards the bottom of the specimen. This suggests that 
the crack was propagating through the mechanism of 
continuous cleavage fracture, in other words, through the 
mechanism of irregular brittle-crack growth (crack­
jumping). This behavior has been observed on fresh­
water ice and cold saline ice (see Introduction). It is 
recognized that these observations are only based on what 
could be detected visually. 

The OF was measured, in some tests in series 1 and 2, 
with two linear variable displacement transducers 
(L VDTs). In series 6, OF was measured using two clip 
gauges. The load and load-point displacement for series 1 
through 3 were measured using a 20 MHz storage 
oscilloscope, while for series 4, 5 and 6 the signals were 
processed by a 16 bit analog-to-digital converter, set in a 
DAR TEC testing machine in series with a 386SX 
microcomputer. Data were received at the rate of 300 
readings s-I. The load and OF vs time and the load vs OF 
results for test No. 6.2 are shown in Figure 5. The crack 
growth commences at the distinct change of slope, for 
both F and OF , as shown in Figure Sa. This is a typical 
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Fig. 5. a. F and OF vs time. h. F - OF recordfor test No. 
6.2. 

feature of all F - OF records, where in some cases 
evidence of non-linear processes appeared as a non­
linear slope after the crack initiation. Figure 5b also shows 
crack initiation in more detail. 

The experimental results from the 42 fracture tests are 
summarized in Table I. Each test is identified by a group 
and a sequence number followed by an acl day ratio, i.e. 
critical crack length/average grain-size. S is the salinity 
deduced from measured meltwater conductivity at 20°C, 
T is the test temperature, Fmax is identified as the 
maximum load from load vs time records, tf is the time to 
failure and E is the elastic modulus in bending based on 
the initial compliance. Gle, the energy-release rate, is 
calculated according to Equation (1 ) and GQ = KQ2 lE is 
the apparent critical energy-release rate. 

It is important to note that the grain-size, temperature 
and loading rate were not kept constant between the tests 
and this causes a significant scatter in the results. 
However, similarities between Gle and GQ indicate that 
this low-saline granular ice is quite isotropic and 
homogeneous, and the selected specimen size was 
probably large enough, compared to the relatively small 
average grain-size, not to contribute to the scatter. 

Figure 6 shows the apparent fracture toughness vs the 
temperature. Figure 7 shows the apparent fracture 
toughness vs the average grain-size. In this figure we see 
that KQ rises to a maximum and then subsequently 
decreases as day increases. Dempsey and Wei (1988) 
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Fig. 6. Apparent fracture toughness vs temperature. 
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discussed this type of grain-size dependence for ice and 
Rice and others (1978) for non-cubic ceramics. The break 
point appears to depend on a crystal structure-thermal 
expansion and strain-mismatch effect. 

ST ABLE CRACK GROWTH 

Various parameters affect crack growth: load control 
(displacement or stroke control), loading rate, specimen 
geometry (reflected through its G) and the material. 
Stable crack growth, in the situation of continuous quasi­
static growth, has not been obtained in ice. Instead, 
crack-jumping is observed where the crack grows 
abruptly over a distance and then arrests (DeFranco 
and Dempsey, 1990, 1991; Parsons and others, 1988, 
1989) on both fresh-water and sea ice. This behavior may 
be attributed to a decreasing crack-growth resistance of 
the ice. 

In stable crack propagation, crack velocity is low and 
the extension may be tracked visually. Unstable crack 
propagation is associated with an abrupt load drop at 
fracture and with a crack that accelerates quickly 
generates considerable kinetic energy. Crack-growth 
stability requires that the crack driving force and the 
crack-growth resistance are equal. On the other hand, in 
dynamic conditions, crack-growth stability occurs when 
the rate of change in the crack driving force is equal to the 
sum of the rate of change in the resistance to fracture and 
the kinetic energy. This type of simplified dynamic 
energy-rate balance pre-supposes the following: the 
displacements and crack area are the same as for static 
conditions and the elastic crack speed is low so that the 
crack propagates under continuous quasistatic conditions. 
The requirements for stable crack growth may thus be 
formulated as: 

and 
oG oR fi2H 
oA = oLlA + OA2 (10) 

where A denotes the crack area and H is the specimen's 
kinetic energy. For quasistatic cracking, the rate of 
change in the specimen's kinetic energy (oH/oA) =0. 

Stable crack propagation may be quantified using the 
concept of geometric stability factor (gsf) (Mai and 
Atkins, 1980). If the test geometry has an adequately 
negative gsf, it should be capable of coping with the 
observed oR/oa negative characteristics of ice. By the use 
of Equation (1), differentiated with respect to A and 
Equation (10), the normalized gsf for a displacement 
controlled test on the SRCN geometry is: 

W 2 0G (d2C' /d0:2 
dC' /dO:) 

If 8A ?f(W / B, 0:, 0:0 ) dC'do: - 2 C' 

- g(W / B, 0:, 0:0 ) (11) 

where 

Stehn: Instruments and methods 

The third term on the righthand side of Equation (11) 
arises from the effect of the increasing crack-front length 
with crack growth. The above concept has been used both 
for the double torsion (DT) specimen, (Parson and others, 
1989) and for the reverse tapered crack line wedge loaded 
(R TCL WL) geometry developed by DeFranco and 
Dempsey (1991)·. Figure 8 shows a plot of the normal­
ized gsffor the DT, RTCLWL and SRCN (cf. DeFranco 
and Dempsey, 1991). It is instructive to note that the 
geometry of every specimen shows negative gsf for all 
crack lengths. The RTCLWL and the SRCN both 
promote stable, even for a strong rate sensitivity of crack 
propagation, crack growth. 

Assuming that the underlying independent test 
variable is time, then in a displacement controlled test 
OF = 8F t and F = F(OF)' If the compliance is differ­
entiated under the conditions of steady-state crack growth 
and the assumption that crack length a increases 
monotonically with OF, the result is: 

(13) 

Hence by using F = Fmax according to Equation (3), 
the estimated crack velocity for the SRCN specimen can 
be wri tten as: 

. Y~in Ev'W ( of C)O' 
ae = 8C' /00: KQ 1 - OOF F· (14) 

It is important to note that the (F - OF) plot is of 
paramount importance since E, of / OOF and 8F directly 
rely upon it. of /8oF is taken as the slope immediately 
prior to the maximum load. This simplification is 
reasonable since the critical-toughness value is represen­
tative in a relatively wide region around the load 
maximum. Another simplification is to assume a 
"smooth load maximum" implying that of/ooF = 0 at 
F = Fmax. This yields an estimated crack velocity: 

(15) 

A smooth load maximum did not occur in any of the 
tests, as is evident from the typical test shown in Figure 5. 
By making this kind of simplification, the crack speed is 
overestimated by 22% on average. 

A way of quantitatively determining the stability and 
dynamics of the calculated crack velocities, in terms of 
imparted kinetic energy, has been given by Gurney and 
Ngan (1971). They set up a criterion for stability where 
only 5% of the stored strain energy is transformed into the 

·It may be of passing interest to recognize that a smaller 
thickness has a positive effect on crack-growth stability 
as can be found by differentiating the requirements for 
stable crack growth with respect to A instead of a (that 
is only applicable for specimens with constant crack 
wid ths) . The original gsf equations for the DT and 
R TCL WL specimens, presented in Figure 8, were 
multiplied by the ratio (W /b). With this alternative 
formulation, it can be readily seen that a thin specimen 
promotes crack-growth stability. 
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kinetic energy of the specimen. By using Equation (10) 
and the simple one-dimensional SRCN beam-theory 
model in Stehn (1992) recalculated according to 
Equation (10), a crack velocity when kinetic energy is 
not negligible is calculated as: 

(16) 

where c = (E / p) 1/2 is the speed of a longi tudinal wave in 
the ice beam. An actual crack velocity can therefore be 
compared with aH to determine whether the crack is 
growing in a stable manner by the 5% definition quoted 
above. 

The load-point displacement rate, the crack velocity 
calculated from Equation (14) and Ll, the percentage of 
the crack speed going into kinetic energy, i.e. ae/aH, are 
given in Table 2. 

The values in this table for crack velocity exhibit a 
large variability, something not uncommon for ice 
parameters. The average value for crack velocity is 
found to be ae = 20 ± 11 m S-I . Parsons and others 
(1987) also obtained a velocity of approximately 
20 m S-I measured on first-year sea-ice double cantilever 

Table 2. Estimated crack velocities 

No. 

l.l 
1.2 
1.3 
lA 
2.1 
2.2 
2.3 
2.4 
6.1 
6.2 
6.3 
6.4 
6.5 
6.6 
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-\ mms 

10 
14 
15 
12 
19 
6 

18 
6 

23 
12 
3 

30 
11 
9 

ae 

-I ms 

9 
30 
12 
9 

37 
10 
31 
16 
23 
19 
7 

39 
20 
15 

% 

0.5 
2.2 
0.6 
0.6 
2.2 
0.6 
1.9 
0.8 
1.9 
1.3 
0.4 
3.2 
1.1 
1.1 

beams. By the Gurney and Ngan definition, it is clear that 
stable crack propagation is occurring. A multiple­
regression analysis performed on the data revealed that 
SF had the greatest influence on crack velocity, which, in 
view of the theoretical work by Sigl (1991) on brittle 
solids, should be the case. The experimental values are 
given in Figure 9 as KQ vs estimated crack velocity. The 
scatter in this figure is substantial. 

POROSITY EFFECTS ON FRACTURE 
TOUGHNESS 

Pores in ice, as in other brittle materials, may affect the 
mechanical properties. Pores occur naturally during 
formation of the sea-ice cover in the form of air and 
brine pockets. Air bubbles are comparatively large with a 
heterogeneous spatial distribution. To determine the 
actual distribution and size, back-lit sections (5-8 mm 
thick) were studied using several specimens. The bubbles 
were of the same size as the granular grains, i.e. 0.5-
4 mm and 5-20 mm apart. However, sometimes the air 
bubbles were arra nged in vertical bubble pipes (typically 

140.0 ,---------------, 
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Fig. 9. Apparent fracture toughness vs estimated crack 
velocity. 

in the granular-columnar boundary zone). This may 
have had a considerable weakening effect on the ice. The 
brine pockets showed a completely different distribution. 
The sub-structure of sea ice shows pure ice platelets, 
about 0.5 mm thick, separated by layers of brine pockets. 
The important influence of the sub-structure of saline ice 
has been shown by DeFranco and others (1991 ). For cold 
(-25°C) saline ice SENB tests, using four-point bending, 
the observed fracture developed parallel to the long 
directions of the ice platelets in most of the cases. 

The influence of porosity on cold, columnar sea ice 
reported to date has been mentioned in the works by 
Vaudrey (1977), Timco and Frederking (1983) and 
Urabe and others (1980), and is shown in Figure lOb. 

An assumption that may be made is that the crack will 
seek the path having the minimum solid area, i.e. the 
maximum area of porosity. In this case, fracture energy is 
proportional to the actual solid area fractured . This 
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approach· results in the non-linear porosity-dependent 
fracture toughness given by Rice (1977) in the following 
form, KQP = Koe-ml[t, where KQP is the apparent porous 
fracture-toughness, Ko is the toughness for zero porosity, 
IJI, and m is an empirical exponent which depends on pore 
location, shape and size. Knudsen (1959) found that 
experiments on porous aluminum, steel and iron follow 
this type of relationship and the same has been indicated 
by Rice and others (1978) for various ceramics. 

A reasonable assumption is that for warm, spring sea 
ice, pore shapes are (air) spheres and (brine) cylinders. 
Following the discussion in Brown and others (1964), a 
composite me value can be calculated where the 
contribution made by the two pore types is incorporated 
(see also Rice and others, 1978; Stehn, 1990). For each 
specimen, calculations of relative air and brine volume, 

·Models by Kristic and Erickson (1987) and Goldstein 
and Osipenko (1991), assuming that the pores act as 
flaws, were tested but were discarded due to the physical 
assumptions they required. 

Stehn: Instruments and methods 

Vb were carried out using the equations in Cox and Weeks 
(1983). Due to the distribution and hence influence of the 
different pores discussed above, it was assumed that the 
air pores only contribute to the total porosity but not as a 
fracture energy sink. The average of all 42 tests, gave 
me = 0.28 ± 0.13. Thus, the theoretical model for the 
dependence of the brackish sea-ice apparent fracture 
toughness on porosity, in form of brine volume, becomes: 

(17) 

The resulting curve is plotted in Figure lOa, where 
Ko = 119 k Pa is determined from a regression analysis 
based on Equation (17). 

Evidently, the experimental results are very well 
described by the theoretical relationship. The exponent 
me is related to the porosity characteristics. The 
numerical value found is interesting, since Rice (1977) 
showed that m values in the range 0.1-0.4 are connected 
with a homogeneous spatial distribution and shape of the 
pores and that pore location is important. This is 
consistent for brine in granular ice since the brine 
inclusions are in the form of fine pockets, evenly spread 
and concentrated around grain boundaries. This can be 
considerably more serious than pores located elsewhere. It 
should be noted that this model is only accurate for low 
brine-volume values, i.e. for brackish sea ice, since for 
Vb ~ 18 ppt the model predicts zero strength. 

NOTCH SENSITIVITY-SIZE REQUIREMENTS 
FOR ICE SPECIMENS 

According to Dempsey (1991), many of the previous 
studies on both fresh-water and sea ice have used sub­
sized specimens that are notch-insensitive. If a specimen is 
to be referred to as notch-sensitive, the crack and 
uncracked ligament must be sufficiently long. The above 
study by Dempsey put forward analytical calculations 
regarding the dependence of the notch sensitivity and the 
brittleness on the specimen size. This approach provides a 
tool for a similar derivation for the SRCN specimen. 

The peak nominal tensile stress, O"n, acting on the net 
section at failure, is derived assuming a linear stress 
distribution throughout the uncracked ligament as: 

~rrwx "( ) O"n = WE Z O'O,O'e . (18) 

Strictly, Qc = Qe(Qo) but for Qc = 0.617 

Z" = 35.7 (Q0
2 

- 1.98Qo + 0.83) . (19) 
(Q02 - 1.620'0 + 0.64) 

The ratio of (1n to the tensile strength, (1t becomes: 

(1n KQ Z" 
- = WY" = (3£CnSR 
(1t O"t V vv min 

(20) 

where CnSR(O'o) is an SRCN geometry function. It is 
useful to note that (3£ is related to the characteristic 
length, introduced by Hillerborg and others (1976), as 
(31 = leh/W = EIGle/W~. The characteristic length may 
be looked upon as a measure of the brittleness of a 
material, since it relates the crack-resistance energy to the 
elastic energy. Therefore, the parameter (3£ could be 
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Fig. 11. a. Apparentfracture toughness vs specimen length 
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lines of constant brittleness numbers, {3f, where a lower 
brittleness number means increased notch sensitive. For 
(3f > f3£) a strength failure will occur prior to the 
attainment of a critical stress-intensity factor. 

called a "brittleness number". Dempsey used {3f to 
propose a requisite LEFM specimen width as ani 
at < 0.4. But, and it is important to note this, he pointed 
out that no experimental work supports this and a 
thorough size-effect study, involving different grain-sizes, 
ice types, loading configurations, temperatures, etc., is 
required before this can be fully accepted. 

Following the procedure in Dempsey, the apparent 
fracture toughness is plotted vs the ratio of the actual 
specimen length to the transitional length (W /Wtr )· in 
Figure lla. The largest ratio occurs for ac/dav ~ 26-74. 
This means that the appropriate initial crack length is 
0.17$ ao/W $ 0.28. Using the above expressions, the 
ratio of (an/at) is plotted versus the ratios of the initial 
crack length to the specimen length (ao/W) in Figure 
11 b. It is clear that the specimens were sufficiently large, 
i.e. notch-sensitive enough, to keep the ratio an/at below 
0.4. In terms of Equation (20), it is equivalent to 
requiring that: 

(21) 

where Woo is the requisite LEFM size. Using the standard 
value of y~ and aD = 0.332, the geometry function 

·The transitional length is the size for which, if W > Wtr , 

a fracture failure will occur. However, the requisite 
LEFM size is bigger than Wtr due, mainly, to conditions 
(B) and (C) in the Introduction. 
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GnSR = 1.633. The tensile strength for fresh-water ice with 
day = 4mm = 0.9 MPa (Currier and Schulson, 1982) . 
Assuming that KQ = 100 kPa m 1/ 2 , the required spec­
imen size for the SRCN specimen is given by: 

WOO ~ 206 mm 

or, taking Figure lla into account, e;iven that the average 
grain-size within the largest W /Wtr ratios is 4.4 mm: 

WOO Idav ~ 47. (22) 

A clear picture depicted from Table is that almost all, 
with the exception of the large columnar-grained ice 
tested, specimens fulfil the size requirement stated in 
Equation (22) . 

DISCUSSION AND CONCLUSIONS 

The test system operates very satisfactorily in the field . 
Field and laboratory test programs show that the system 
is reliable and the results obtained compare favorably 
with those presented in other studies. The simple test 
procedure, including the preparation of ice specimens and 
the necessary measurements (failure load and geometrical 
configuration), makes it possible to obtain representative 
toughness values directly. The field instrument is 
surprisingly stiff, as indicated by the fracture-energy 
tests and recent tests on fresh-water ice where irregular 
crack-jumping was observed. 

Included in the compliance calibration is also the 
compliance/stiffness of FIFT as G = GFIIT + GSRCN . It is 
of utmost importance to minimize the contribution from 
the loading device. As stated above, only a 1.5% 
difference was detected using FIFT instead of the test 
set-up used on Al specimens by Bubsey and others (1982) 
and Shannon and others (1982). Furthermore, in recent 
tests, a 40% increase in compliance was found when 
calibrating FIFT on a PM MA R TCL WL specimen 
compared with the compliance obtained using the stiff 
loading device of DeFranco and Dempsey (1991) . This 
situation can be improved. Two instrument design details 
reduce the stiffness: the housing is not perfectly sealed and 
the most important fault is that the cushion expands, 
whereas it should be rigid, after the instability point has 
been reached. Another drawback with FIFT is the 
difficulty in controlling the loading rate. 

The SRCN specimen does not generate high crack 
velocities when tested under displacement control. Due to 
the (sufficiently?) negative gsf, the loading geometry 
promotes stable crack growth. Since the righthand side of 
Equation (11) is always negative, any instability must be 
due to the ice properties, i.e. a consequence of negative 
dR/da and a lack of stiffness in FIFT. 

The test results obtained on the estimated crack 
velocity show a large variability. It must be noted that, 
while the tested-ice density, average grain-size and brine 
volume did differ slightly, the test temperature for series 1 
was -SaC while it was -lOoC for series 2 and 6. 
Furthermore, the crack velocities presented are not 
measured but calculated using Equation (14) so, because 
of assumptions and approximations, these results must be 
regarded with caution. 
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The fracture-toughness crack growth-rate depen­
dency, i.e. greater toughness at slower crack-growth 
rates, found is very weak. In fact, Figure 9 shows 
virtually no trend at all. I t is therefore likely that the 
"dependency" is a feature of the large variability of the 
sea-ice parameters involved. A consequence of such a 
rate-dependency of the toughness is that dR/ da < O. 

Is the observed crack growth stable? Many different 
concepts are evoked by the use of the word stable. 
Equation (16) gives the upper limit for the crack velocity 
when kinetic energy is not negligible. Equally, in the sense 
of imparted kinetic energy, the growth rate is stable and 
not dynamic in brackish sea ice. A further question is 
whether, provided that the crack grows under critical 
conditions, the observed growth rate is sub-critical 
(implying that it is creep growth) or is it just "stable" 
slow critical growth? Creep growth is accompanied by the 
emission of dislocations (blunting the crack) producing a 
largish creep zone ahead of the growing crack, while no 
stable growth means no dislocation emission and a small 
creep zone. A theoretical model by Hui and Riedel 
(1981), for a slowly growing crack in an elastic secondary­
creeping material, shows that it is required that n (the 
creep exponent) > 3 for creep growth to occur. The Hui 
and Riedel model works well providing cracking is a 
result of secondary creep, which is not at all certain for 
ice. Applying n = 3.2 and B = 5 X 10-25 (Pa-3.2 S-I) 

acq uired from creep tests on ice from the Gulf of Bothnia 
and the Barents Sea to the Hui and Riedel model, a 
creep-zone size of the order of 10-13 m is obtained. The 
reader should immediately note that this is smaller than 
the inter-atomic distance of ice which makes this estimate 
very uncertain. So, at a first glance, this may seem 
inconsistent as "stable" growth is observed, and this 
should be accompanied by a largish creep zone·. 
However, together with the observations made on the 
fracture surfaces, which gave evidence of brittle failure, 
this implies that critical crack growth in warm brackish sea 
ice does not necessarily have to be creep growth but may 
be slow and stable. 

The agreement between this work and previous 
investigations on porosity effects is not so good. It must 
be noted that different loading rates, test temperatures 
and loading geometries were used and that the previous 
specimens are probably sub-sized, yielding fracture-tough­
ness values that are too large. The work reported in this 
study shows a much more pronounced brine-volume 
dependence than that of Vaudrey (1977), U rabe and 
others (1980) and Timco and Frederking (1983) on 
columnar ice. However, a significant aspect of the analysis 
is that the tests were performed on warm granular ice where 
the crack-propagation direction was vertical downwards, 
i.e. parallel to the growth direction. These results can only 

• Recent creep tests, using SENB on fresh-water single-
crystal ice, by Wei and Dem psey (1991) showed a 
dislocation-free zone (DFZ) ahead of the crack tip. 
Adjacent to the DFZ and throughout the width of the 
specimen a plastic zone was detected. However, even 
though the specimens were stressed by a constant load 
for 5 h, no crack growth was observed. 

Stehn: Instruments and methods 

therefore be applied to granular sea ice and not to 
columnar sea ice, since the ice types differ in their 
fundamental crystal texture. This would go a long way 
towards explaining the discrepancy in Figure lOb. It 
might even be possible that another micro-structural 
parameter that is related to brine volume affects the 
failure process in saline sea ice. This could be the sub­
grain-size, which is defined as the distance between the 
brine pockets. Urabe and Yositake (1981) investigated 
this matter and the results of De Franco and others (1991) 
also point in this direction. 

The results presented here support the use of an/at < 
0.4 as a specimen-size criterion. They are very interesting 
since they are virtually the same as those ofDempsey and 
others (1992), even though the tests were performed 
under different conditions. The loading geometries 
differed (SRCN vs SENB). The ice types and crack 
orientation differed (granular brackish sea ice vs fresh­
water S2 ice investigated for radial cracking). The 
temperatures differed (- 1.2° to -lOoC vs -lOOC). The 
grain-sizes (1.6-100 mm vs 3 mm) and the loading rates 
differed. 
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