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ABSTRACT. The effects of notch acuity (crack-tip sharpness) on the fracture 
toughness of S2 ice were investigated using six groups of single-edge-notched-bend 
(SENB) specimens with different crack (or notch) root radii fabricated by six dif­
ferent methods. The mean value and standard deviations of the apparent fracture­
toughness values KQ of the specimens with blunt notches were significantly higher 
than those of the specimens with sharp cracks. The results presented in a plot of 
fracture toughness versus p~, where p is the crack-tip radius, provide an estimate 
of the required notch acuity for fracture-toughness testing. The microstructural 
features in the immediate vicinity of the crack tip and the crack-tip geometry 
govern the magnitude of the apparent fracture toughness of the ice. The crack-tip­
opening-displacement (CTOD) measured in this study indicates the existence of 
microplastic deformation in the vicinity of the crack tip at the initiation of unstable 
fracture. 

INTRODUCTION 

One of the most important aspects in fracture-toughness 
testing is the fabrication of a truly sharp crack for lin­
ear elastic fracture mechanics (LEFM) to apply. This is 
accomplished by making a fatigue crack in a specimen 
for metallic materials (ASTM E399-83, 1985). Attempts 
to introduce a fatigue crack in an ice specimen, however, 
proved unsuccessful (Goodman, 1977). It is believed that 
ice has little tendency to suffer fatigue damage because 
of its low stacking-fault energy (Cole, 1990) . In a mat­
erial with low stacking-fault energy like ice (Hondoh and 
others, 1983), cross slip is difficult and dislocations are 
constrained to move in a more planar fashion . This lim­
its local concentrations of plastic deformation and sup­
presses fatigue damage (Dieter, 1986). 

Since there is no standard method available for the 
fracture-toughness testing of ice, different methods for 
machining or forming cracks have been introduced into 
the fracture literature for various types of ice. Kusumoto 
and others (1986) attempted to fabricate a crack in a 
specimen by inserting a razor blade into the specimen 
during freezing. Dempsey and others (1989) utilized a 
procedure of pressing and freezing a razor blade into the 
notch tip of a specimen just prior to the test. Nixon 
and Schulson (1988) used a machine-held razor blade to 
sharpen a cylindrical notched specimen. Perhaps the 
most common practice for ice specimens has been to 
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sharpen a notch by a hand-held razor b lade or scalpel 
(Hamza and Muggeridge, 1979; Kolle, 1981; Danilenko, 
1985; Timco and Frederking, 1986) . Attempts were also 
made to machine repeatable notches using either a band 
saw or a wire saw (Dempsey and others, 1989) and to 
form a V-notch by pushing a razor blade into the bottom 
of a slot of a specimen (Liu and Loop, 1972; Goodman 
and Tabor, 1978). 

The wide scatter in the fracture-toughness values of 
ice cited in the literature to date (summarized for S2 ice 
by Bentley and others (1989) and Dempsey (1989)) has 
made necessary a thorough examination of the various 
testing influences on the frature toughness. For example, 
the apparent fracture toughness of S2 ice has been found 
to vary from 50 to 400 kPa m L The different procedures 
for preparing the crack prior to testing are believed to 
be one of the major factors causing the scatter. In this 
context, inserting a razor blade into a specimen during 
its freezing naturally causes a microstructural variation 
in the ice close to the blade. Cutting a notch by a band 
saw leaves a blunt notch tip in the specimen; the cal­
culation of the association geometry-dependent critical­
stress-intensity factor is therefore not strictly applicable. 
Although hand-held razor blades may well sharpen a 
crack, this results in a nucleated crack of uneven length, 
and the repeatability and reliability of this method re­
main to be confirmed. 

In the light of the above comments, it is necessary 
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to make a thorough evaluation of the various methods 
used to fabricate cracks in ice. This has led to a study of 
the effects of notch acuity on the fracture toughness of S2 
fresh-water ice. The dependence of the frature toughness 
on the notch-tip radius is well known for other materials, 
such as H-ll steel (Irwin, 1964), mild or low-carbon steel 
at low temperatures (Wilshaw and others, 1968; Yoko­
bori and Konosu, 1977), ceramic materials (Bertolotti, 
1973; Pabst, 1974) and aluminum metal matrix com­
posites (Manoharan and Lewandowski, 1989). In this 
study, tests were conducted on six groups of single-edge­
notched-bend (SENB) specimens with cracks fabricated 
by six different methods, viz, drilling a small hole at the 
crack tip, a band saw, a wire saw, pressing and freez­
ing a razor blade at the crack tip , using a hand-held 
razor to sharpen the crack and pre-cracking. The appar­
ent fracture toughness values J(Q (following the notation 
introduced by Dempsey (in press)) of each group are de­
termined as well as their mean values and the standard 
deviations. 

The attempt to measure the crack-tip opening dis­
placement (CTOD) was considered an important phase 
of this study. Although the CTOD measurement is more 
often required for high-toughness materials, a reliable 
CTOD value provides significant information from which 
an indirect determination of J(Q and a measure of the 
process-zone size at the crack tip are possible for various 
types of ice. 

EXPERIMENTAL PROCEDURE 

The ice type used in this testing program was S2 fresh­
water ice which is the seeded fine columnar polycrys­
talline ice having horizontal or near-horizontal c-axis ori­
entations, as classified by Michel and Ramseier (1971). 
This type of ice has been grown in an insulated tank 
measuring 1. 22 m x 1.14 m x 0.78 m in the cold room at 
Clarkson University by the following process. The tem­
perature of the cold room was set to -18°C. The tap 
water in the tank was cooled to about 1°C at the top sur­
face and 3- 4°C beneath the surface before seeding began. 
Seeding was performed by spraying a very fine mist up­
wards above the surface of the water. This mist froze 
to fine ice crystals in the air before reaching the water 
surface, acting as crystal nuclei to enable the water to sol­
idify heterogeneously. Four sheets of S2 ice were used for 
fracture and flexure tests in this study. The procedures 
for growing these ice sheets were kept the same. A care­
ful examination of the c-axis orient at ions by measuring 
120 grains for each ice sheet indicated that all these four 
ice sheets had the same type of textural features having 
the c-axes of most grains of the ice sheets randomly and 
horizontally or near-horizontally oriented. The diamet­
ers of the columnar grains of the S2 ice showed a slight 
increase with depth. This minor variation of grain-size 
with depth was not considered a serious problem since 
the thicknesses of the ice sheets were only about 50 mm. 
The average grain-sizes of these sheets, measured from 
the middle horizontal sections were found to have a slight 
difference, varying from 2.26 to 2.52 mm. 

The single edge-notched beam with three-point-bend 
loading configuration was used for the fracture tests 
(Fig. 1). The nominal dimensions of the specimens were: 
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Fig. 1. Single edge-notched beam geometry 
and proximity gage set-up. 

width w = 100 mm, support span S = 300 mm, thick­
ness h = 50 mm and crack length a = 50 mm. Twelve 
such specimens were tested for each group. All of the 
data obtained is reported in the Appendix. The tests 
were carried out on an ATS universal test machine at 
a crosshead speed of 7.62 mm S-1 so that all the speci­
mens broke in less than 5 s (with k values ranging within 
60-200kPam~ S-I). After the notch or crack was intro­
duced in each specimen, the fracture test was conducted 
as soon as possible to avoid sublimation or healing of 
the notch or crack tip . A highly sensitive displacement 
gage, Kaman KD-2810-1U, was attached on one side of 
the specimen (Fig. 1) to measure the crack-tip opening 
displacement (CTOD). The resolution of the gage is less 
than 0.25/Lm, and its linear measuring range is 25/lm. 
The data-acquisition system consisted of a Zenith Z-248 
computer and a Keithly Series 500 measurement and con­
trol system with a reading rate of 1000 readings/so This 
system, including the micro-displacement gages, made 
an accurate record of the histories of loading and CTOD 
possible. The formula for the calculation of apparent 
fracture toughness is given as follows (Go and others, 
1984): 

J(Q = PrF(a/w)/hw~ 

in which 

F(1]) = 3{ -1.186(1-1])2 + 2.474(1 -1]) - 6.858 

+ 8.124(1-1]t i + 0.045(1 -1]t2 }/4 

(1) 

(2) 

where Pr is the load at fracture and the symbol J(Q is 
used instead of J(Jc, as recommended by Dempsey (in 
press) to represent the apparent fracture toughness of 
S2 ice. 

The formation of notches and cracks was accom­
plished by different methods for the specimens of each 
group. A drill of 1.95 mm diameter was used to drill a 
small hole at the notch root of the specimens of group 
A (of a crack initially formed using a band saw). The 
average root radius was measured to be 1.1 ± 0.08 mm. 
The notches in the specimens of group B were simply cut 
by a band saw, resulting in a rectangular-ended root of 
width 1.8 ± 0.2 mm. The notches in specimens of group 
C were fabricated by a wire saw with a diamond-coated 
wire 0.2 mm in diameter; the root radii were found to be 
0.28: . 0.04 mm. Following Dempsey and others (1989), 
for tl.e specimens of group D, a razor blade coated on 
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both faces with a low-temperature tefion spray lubricant 
was positioned in a notch cut by a band saw. Just be­
fore the razor blade was positioned, lukewarm water was 
jetted into the notch with an eyedropper. As the water 
froze (in about 15 s), the blade was moved gently back 
and forth to prevent the blade from freezing to the newly 
formed ice. A certain amount of pressure was exerted to 
ensure that the very tip of the razor blade was actually 
in the 82 ice, and not in the ice just formed in the sawed 
notch. The tip radius formed in the specimen was estab­
lished to be approximately 0.01 mm (see the details de­
scribed in the next section). For the specimens of group 
E, the notches were cut by a band saw and sharpened by 
a hand-held razor blade just prior to test, resulting in a 
naturally sharp crack of uneven length about 2 mm long. 

A pre-cracking procedure was performed to introduce 
naturally sharp cracks for the specimens of group F. Each 
specimen was notched by a band saw to a length slightly 
less than half the specimen depth (w ~ 100 mm). The 
specimens were then placed in the three-point bend ap­
paratus which was in position on the loading platform. 
The crosshead was lowered until a pre-Ioad of 40- 50 N 
was applied to the specimen. The crosshead motion was 
immediately stopped and it was noticed in each case 
that the pre-load dropped slightly (5- 6 N) because of 
creep deformation and minor position adjustments in 
the three-point loading apparatus. A hand-held razor 
was then gently scribed across the root of the band-saw­
cut notch thereby generating a naturally sharp, although 
wavy, crack front. The new crack length formed was ap­
proximately 2- 4 mm in length; this increment is slightly 
longer than that for group E. The introduction of the 
sharp crack dropped the pre-Ioad to approximately 10 N 
in each case. The fracture test was then performed as 
quickly as possible; the time interval between formation 
of the sharp crack and the fracture test was less than 
20 s due to the pre-cracking procedures being performed 
with a specimen pre-set in the testing position. 

For groups E and F, the crack length used in the I<Q 
calculation for each specimen was the sum of the band­
saw-cut notch and the average length of the naturally 
sharp crack. All machining, storage and testing was per­
formed at -10°C. 

Despite the apparent success of measuring the CTOD 
on the three-point 8ENB specimens, it is imperative that 
uncertainties in the measuring procedures be mentioned. 
The Kaman KD-2810-1U gages used in the CTOD meas­
urement must be parallel to the non-magnetic target (T-
6061 aluminum) within 0.5° to ensure accurate meas­
urements. As the specimen surfaces on to which the 
sensor and target were frozen were fairly rough, it is 
possible that misalignment could occur. Additionally, 
as the Kaman sensor is very sensitive (static resolution 
~ 0.025f1m), the measured CTOD is the actual CTOD 
in addition to the sensor- target displacement caused by 
fiexural rotation and by the fact that in order to measure 
the CTOD the measuring equipment and its target must 
be attached on opposite sides of the crack. However, in 
response to the above statements, a 8ENB specimen of 
82 ice under three-point loading is very brittle at the test 
temperature and will not rotate 0.5° at the midspan of 
the beam and therefore it is believed that rotational ef­
fects may be neglected here. The target and measuring 
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device will move apart from each other during loading 
by an amount equal to the average strain times the dis­
tance between them. Judging by similar tests on other 
materials, this additional COD adds approximately 5-
10% to the actual CTOD. No corrections are made to 
the measurements reported in this paper. 

Out-of-plane rotation may also be neglected as 
this will probably not induce any significant in-plane 
displacement thereby not affecting the CTOD meas­
urement. As the experiments were performed very care­
fully, it is believed that the surface roughness of the 
specimen along with positioning error associated with 
mounting the sensor and target did not cause a substan­
tial CTOD measurement error. 

NOTCH-TIP GEOMETRIES AND CRACK 
INITIATION 

Examinations of the specific notch-tip geometries and 
the characteristics of each crack-initiation event were car­
ried out on thin sections showing the notch shapes and 
the crack paths of the specimens. These thin sections 
were made by matching the halves of the broken speci­
mens and fixing the microtomed samples of the matched 
specimens to a glass slide by cyanoacrylate glue. The 
orientation of each thin section with respect to the crack 
path is sketched in Figure 2. Note that the notch front 
is parallel to the columnar grains of the specimen. The 
results of the observations of the crack path are shown 
in Figure 3. 

Figure 3a- f corresponds to the typical fractures ob­
served in groups A- F, respectively. The thin sections 
clearly reveal that the notch width of the specimens of 
groups A and B was as large as the grain-size (Fig. 3a 
and b). Obviously, the requirements of LEFM for very 
sharp cracks is not satisfied by these blunt notches. The 
shape of the notch tips of the specimens of group A 
(drilling a hole) were semi-circular, and crack initiation 
was most often observed to begin from the central part 
of the notch front. For the specimens with the notch cut 
by a band saw (group 13), cracking from the corners of 
the rectangular-ended roots was most common. A sim­
ilar situation was reported on the fracture tests for 81 
ice (Dempsey and others, 1988); in fact, such fractures 
often "ignore" most of the pre-cut crack front, leading, in 
81 ice, to "hill"-type fracture initiation followed by con­
choidal brittle intergranular fracture (Dempsey, 1990). 

crack 
path 

t-r"-t--_ thin section 

Fig. 2. The orientation of thin section with 
respect to crack path. 
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(a) AVll (b) BVI3 

( c) Cll (cl) DVl 

I 3mm 

(e) EI3 (f) FIll 

I 

(g) CV13 
(11) DI3 

Fig . 3. Crack orientation and crack path (pho tograph ed under crossed polar-izc1·s): test spccimens 
(a) AVI1 , (b) B V I3, (c) CI 1, (d) DV1 , (e) EI3, (J ) FIll , (g) CV I 3 and (h) DI3. 
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(a) 

(b) (c) 
Fig. 4. (a) Tip shape of the razor blade. (b) Notch shape in the surface plane of the ice sampl.e 
(photogr'aphed w'ith Hoffmann modulation contrast). (c) The shape and the size of the notc1t root 
form ed in the ice sample (photographed with Hoffmann modulation contrast), 

This is not surpnsmg, since the stress is theoretically 
singular at the re-entrant corners (Williams, 1£)52). 

Having realized that the maximum principal stress 
possibly exists at some distance ahead of a blunt notch 
(Griffiths and Owen, 1971), particular attention was paid 
to the type of fracture initiation, expecting that the dif­
ferent fracture types would be associated with different 
fracture-toughness values. In groups A and B, both 
transgranular and intergranular fracture were found in 
the grains ncxt to the notch tips, Although the highest 
KQ values were found for the specimens showing trans-

274 

granular fracture in the first grain in front of the notch 
tip, statistically, there is no distinguishing evidence to 
account, solely by the fracture mechanisms, for the dif­
ference in the KQ values of the specimens of these two 
groups. The orientation of the favored cleavage planes 
(for transgranular fracture) or the grain boundaries (for 
intcgranular fracture) of the grains in front of the notch 
tip may have an important influence on the apparcnt 
fracture toughness of the material. The minor damage 
in the notch surface introduced during the formation of 
the notches (i,e. during cutting or drilling) might pos-
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sibly also influence the site of crack initiation. These 
uncertainties must have been among the factors which 
caused the scatter in KQ values of groups A and B. 

Surprisingly, cracking rarely initiated from the tip of 
the notch of the specimens examined in group C; these 
specimens had much narrower notches fabricated by a 
wire saw with a fine diamond-coated wire. Two typical 
samples are presented in Figure 3c and g. Clearly, the 
cracks of both specimens failed to initiate from the tip 
of the notches. Perhaps the most significant features in 
these two pictures pertain to the location of the notch 
tip in the local microstructure. For specimen Cll (Fig. 
3c), the notch tip ended at a grain boundary shared by 
three columnar grains but the beginning of cracking is 
transgranular in nature and not from the notch tip. Co­
incidentally, this specimen showed the lowest KQ value 
in group C. For specimen CVI3 (Fig. 3g), on the other 
hand, the notch tip ended in the center of a columnar 
grain. Before the stress near the notch tip reached a level 
high enough to cause a cleavage fracture for this grain, 
cracking initiated from a weak point from one crack face 
and well behind the notch tip, initially propagating along 
a grain boundary. The KQ value of this specimen was 
one of the highest in group C, double that of specimen 
Cll. Furthermore, for the specimens with the notch tip 
ending inside a grain, their KQ values were higher than 
the mean value. Those specimens with notch tip end­
ing at a grain boundary showed KQ values lower than 
the mean value. Obviously, the location of the notch 
tip and the particular microstructural features present 
in the vicinity of the notch tip play an important role 
in the site and type of fracture initiation as well as the 
magnitude of the fracture toughness at initiation. 

At this juncture, therefore, three of the methods 
(drilling a hole, a band saw, a wire saw) seem to have 
little practical utility for the realistic measurement of the 
fracture toughness of ice, although they may well prove 
useful in establishing the effects of notch acuity on the 
fracture toughness for various types of ice. 

The method of formation of the notch for the speci­
mens of group D requires that the razor blade be moved 
back and forth under hand-applied pressure. This oper­
ation is meant to ensure that the sharp tip of the razor 
blade is actually in the S2 ice, but at the same time this 
back and forth motion detracts from the final sharpness 
obtained. In other words, the actual notch-root radius so 
acquired in the S2 ice is larger than that of the tip of the 
razor blade. To establish approximately this notch-root 
radius, the surface of a piece of S2 ice was microtomed 
and a groove in the surface was made by moving a razor 
blade back and forth under hand-applied pressure, sim­
ilar to the precedure used to make sharp cracks for group 
D. The shape and the size of the notch root formed can 
be examined photographically. Figure 4a shows the tip 
shape of the type of razor blade used, obtained using a 
phenolic molding powder. The notch-root radius was es­
tablished by adopting the Hoffman modulation contrast 
technique, using an optical microscope (Olympus Model 
BH2-UMA, capable of magnification up to x500). It is 
possible using this technique to focus both at the surface 
of the ice sample (Fig. 4b) and at the object plane on 
which the notch root lies (Fig. 4c). The half-width of the 
notch root photographed was taken to be the notch-root 
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radius, and was found to be approximately 0.01 mm. 
It was expected that a crack tip sharp enough to sat­

isfy the requirements of LEFM with a uniform crack front 
would be obtained for the specimens of group D. Ex­
aminations of the crack-tip geometries of the specimens 
indicated that in most specimens the blade tip did not 
penetrate into the S2 ice body very deeply; however, this 
procedure did help the crack to initiate uniformly from 
the tip of the notch (Fig. 3d). In one test specimen 
(DI3), the razor blade did not penetrate the S2 ice at all 
but was embedded in the just-formed ice frozen by the 
jetted water during the crack-formation effort. In this 
case, the crack did not propagate from the notch tip, but 
from a weak point behind the tip (Fig. 3h). Significantly, 
the KQ value of this specimen was much higher than the 
rest of the values in group D and was disregarded in the 
calculation of the mean and standard-deviation values. 
There was no such problem in the fracture of groups E 
and F. 

A more effective crack-formation procedure is sug­
gested by the specimens from either group E or group 
F. Both methods require that a sharp crack be scribed 
in by a hand-held razor blade; this scribing nucleates 
sharp cracks about 2- 4 mm ahead of the notches cut by 
a band saw (Fig. 5). These sharp cracks are now be­
lieved to satisfy the requirements of LEFM. For the spec­
imens observed, crack growth was found to initiate only 
from the "scribed-in" crack tips, regardless of where each 
crack tip ended (Fig. 3e and f). Again, the KQ values 
of a specimen with the crack tip located inside a grain 
was higher than that with the crack tip located on a 

3mm 3mm 

(a) (b) 
Fig. 5. Naturally sharp cracks introduced for 
the specimens of (a) group E, (b) group F 
(photographed under a potarize7'). 
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Table 1. KQ and CTOD for each group 

Group p 

mm 

A l.10 

B 0.90 

C 0.28 

D 0.01 

E 0.00 

F 0.00 

No. of 
tests 

12 

12 

11 

11 

12 

12 

CTOD 

kPam l /2 J1.m 

x x 

180.64 61.32 1.58 0.71 

189.82 45.29 l.42 0.30 

135.97 45.00 l.00 0.33 

87.90 9.50 0.62 0.12 

96.86 8.06 0.72 0.25 

97.74 8.10 0.70 0.19 

Note: x is mean value; ern is standard deviation, p is crack­
tip radius (groups A, C, D, E and F) or half-slot width 
(group B). 
A: drilling a hole; B: cut by band saw; C: cut by wire saw; 
D: freeze-in-place razor blade; E: hand-held razor blade, 
zero pre-Ioad; F: hand-held razor blade, nominal pre-Ioad. 

grain boundary. This observation, together with the in­
formation regarding the mean values and standard devi­
ations in Table 1, reinforces the conclusions that scribing 
with a hand-held razor blade under conditions of either 
zero pre-Ioad or a small pre-load are suitable methods 
for fabricating the initial naturally sharp macro crack in 
the fracture-toughness testing of ice. Of these two met­
hods, the operation of sharpening a crack by a hand-held 
razor blade with no pre-load is much simpler; however, 
the pre-cracking procedure produces a longer naturally 
sharp crack. Both methods offer the same advantage: 
the repeatability of these procedures is better than any 
of the other procedures (Table 1). 

RESULTS AND DISCUSSION 

The mean values and standard d~viations of the apparent 
fracture toughness KQ, CTOD and the crack-tip radius 
(groups A, C, D, E and F) or the half-slot width (group 
B) p of the specimens of each group are summarized in 
Table 1, using the information listed in the Appendix. · 
From Table 1, the means of the KQ values of groups A, 
Band C were 40- 117% higher than those of groups D, E 
and F. There is a slight problem with the measurement 
for group D which will be discussed later. Clearly, the 
apparent fracture toughness of S2 ice is highly dependent 
on the crack-tip radius or "notch acuity". There was no 
significant difference between the mean values of KQ and 
CTOD of groups E and F. Also noticeable were the much 
smaller standard deviations of KQ values for these two 
groups compared with groups A, Band C. This implies 
that a stable KQ value can be obtained by either of these 

276 

240 

~ 

S B 
A 

Cl 160 
Q. 
...!< 

Cl 
~ 

a 

C 

80 

Po 
O+-~~~--~----~---,----.---~ 
0.0 0.4 0.8 1.2 

3 .2 ..,----------------------, 

2.4 

1 .0 ::::-----------, 

0 .8 E 
F 

0.6 

0.4 -t---,-------l 

Q 1.6 
o 

0.00 0.02 
A 

E-! 
U 

b 
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D 
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p (mm) 

Fig. 6. Effects of notch-root radii on apparent 
fracture toughness KQ and CTOD: (a) 1(Q-pt 
relation; (b) CTOD- p relation; p is the crack­
tip radius (A, C, D, E and F) or the half-slot 
width (B). 

two procedures, namely, using a hand-held razor blade 
to sharpen the crack or pre-cracking. 

The relationship between 1(Q and p4 is shown in Fig­
ure 6a, which has been plotted using the KQ and the p 
values of groups A- F. For metallic materials there is a 
critical value Po above which 1(1c had a linear dependence 
on pt and below which the plane-strain fracture tough­
ness K Ic is obtained (Irwin, 1964; Wilshaw and others, 
1968; Knott, 1973) . No such critical value Po was defin­
itely established by this study; however, the results do 
indicate that a similar dependency holds for ice. The 
J<Q values for group D were somehow lower than those 
of groups E and F. A statistical hypothesis test showed 
that the mean 1(Q values of group D and group E (or F) 
were significantly different. However, this difference was 
possibly caused by the lubricant used to coat the razor 
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blades that were frozen in place. The procedure of jetting 
water into the notch to freeze the blade in place also cre­
ated the potential for a further complication. While the 
blade was moved back and forth under a light pressure, 
the lubricant, mixed with water, could have penetrated 
into the tip region serving to lower the surface energy at 
crack initiation. Quite possibly, had the lubricant and 
water not been used, the KQ values of group D would 
then have been higher than those observed. 

In this study, no macroplastic deformation was de­
tected. Two sets of typical load- CTOD curves from 
group A and group F are presented in Figure 7. The same 
linear features of the P - t, CTOD- t and P - CTOD curves 
occurred for both groups (and all groups) alike. However, 
the existence of microplastic deformation was illustrated 
by the evidence of the dependence of the CTOD on .p 
(Fig. 6b). A determination of the plastic-zone size from 
the measured CTOD value is possible and meaningful 
if the yield strength of a material is well defined. How-
ever, it is difficult to establish at present the process-zone 
size because the yield strength of columnar 82 ice is not 
a suitably quantifiable material property. Furthermore, 
tensile factors in ice may not be preceded by yielding in 
the classic sense. A related issue is whether a sharp cleav­
age crack in ice remains automatically sharp or is blunted 
by certain mechanisms, such as creep or the emission of 
dislocations from the crack tip. In this study, the cracks 
in the specimens of groups E and F were believed to be 
the sharp cleavage cracks (while the notch-root radii of 
the specimens of groups A, Band C, and possibly D, 
were too large to be considered in this context). The 
measured CTOD for the specimens of groups E and F 
seems to indicate the existence of microplastic deform­
ation in the vicinity of the crack tip. This microplastic 
deformation might involve the emission of dislocations 
from the crack tip, or movement of the pre-existing dis­
locations in the area near the crack tip, or other creep 
mechanisms. More information on this problem is needed 
before a conclusive remark can be made. 

For blunt notches, the maximum tensile stress is loc­
ated not at the crack tip but at a certain distance ahead 
of the notch. For this reason, possibly sub-crack nuc-
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leation occurs ahead of blunt notches but not ahead of 400..,---------------------, 
sharp cracks. In a study on the notch effects on tensile 
behavior of Ni3Al alloys, Khadkikar and others (1989) 
found that instead of initiating from the end of a notch, 
cracking nucleated at a distance of 250- 300J-l m ahead of 
the notch root. This finding was explained by a finite-
element analysis of bluntly notched specimens, assum­
ing linear work-hardening material behavior, in which 
the maximum principal stress was found to be typically 
at some distance ahead of the notch root (Griffiths and 
Owen, 1971). While no evidence of sub-crack nucleation 
was specifically observed in the specimen with blunt 
notches in this study, the associated higher toughnesses 
and increased CTOD might have been caused by such 
events. 

CONCLUSIONS 

For metallic materials there is a critical value of the 
notch-tip radius above which J(Q has a linear dependence 

on p~ and below which the true plane-strain toughness 
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Fig. 7. (a) Load- time curve; (b) CTOD- time 
curve; (c) Load- CTOD 'urve foT' test speci­
mens AV12 and FV3. 
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J(1c is obtained. The J(Q versus pt plot for S2 ice ob­
tained in this paper revealed a relationship from which it 
can be argued that there is a necessary minimum notch­
tip radius that must be attained. 

The notch acuity and saw wi~th have a strong influ­
ence on the apparent fracture toughness and crack-tip 
opening displacement of S2 ice. The mean J(Q values 
of the specimens with blunt notch tips were as much 
as 117% higher than those of the specimens with sharp 
cracks. The CTOD measured in this study indicates the 
existence of microplastic deformation in the vicinity of 
the crack tip at the initiation of unstable fracture. 

Crack initiation was observed to initiate, without ex­
ception, from the crack tips for specimens with naturally 
sharp cracks and to initiate offset from the notch tip for 
some specimens with blunt notches. 

The location and notch acuity of the crack tip with 
respect to the microstructure of the ice in the vicinity of 
the crack tip significantly influences the apparent frac­
ture toughness; the J(Q value of a specimen with the 
crack tip ending inside a grain is higher than if the crack 
tip is located at a grain boundary. 

The method of freezing-in a razor blade (group D) cre­
ates a sharp crack of known uniform length; especially, 
it generates a plane-crack front over the whole specimen 
thickness. There may be experimental set-ups where this 
feature is especially desirable. For instance, the position­
ing of the proximity gage for the CTOD measurement 
requires a precise knowledge of the location of the crack 
tip prior to testing. It is perhaps no coincidence that the 
lowest standard deviation for the CTOD measurements 
(Table 1) was observed for group D. 

The methods of forming a blunt notch (groups A, 
B and C) have little practical meaning for a realistic 
measurement of the fracture toughness of ice. In fact, 
Equations (1) and (2) implicitly assume the presence of 
a sharp crack tip. 

The hand-held razor blade and pre-cracking methods 
are highly repeatable and reliable procedures for forming 
naturally sharp macrocracks in the fracture-toughness 
testing of ice. This finding is of crucial importance to 
the development of a standard method for the fracture­
toughness testing of ice. 

The very low scatter observed for groups D, E and 
F reinforces the conclusion that the particular crack­
fabrication technique used has been and will continue 
to be a very important consideration in tests investigat­
ing the fracture behavior of ice, be they in the laboratory 
or in the field. 
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2 51 102 51 
3 49 102 51 
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The acc'UT"Ucy of the 1'efer'ences in the t ext and in 
this list is the responsibility of the autho'J's , to whom 
quer-ies should be add1'essed. 

Pr KQ K CTOD 

N kPa m1
/2 kPam 1/2 s· 1 pm 

473 208 110 1.78 
219 102 142 0.49 
262 125 113 1.75 
539 275 81 2.88 
314 136 170 1.15 
543 277 86 2.80 
307 170 203 1.19 
445 240 150 1.68 
246 126 158 0.91 
192 104 99 0.86 
326 174 174 1.44 
420 231 121 2.03 

381 194 147 1.37 
452 218 167 1.62 
467 225 180 1.53 
492 228 130 1. 75 
563 265 60 1.63 
319 162 116 1.14 
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BVI 43 102 49 267 143 190 1.80 
2 42 102 51 306 179 188 1.10 
3 42 102 49 240 134 148 1.17 

BVIl 48 101 50 485 243 162 1.83 
2 44 101 51 307 176 167 1.28 
3 43 102 50 202 112 124 0.88 

CIl 50 99 47 183 85 108 0.61 
2 52 102 49 433 194 129 1.53 
3 53 103 50 206 92 94 0.71 

CIlI 50 101 50 172 84 114 0.56 
3 45 103 46 185 86 122 0.73 

CVI 44 102 53 289 173 115 1.22 
2 43 100 51 189 113 90 0.78 
3 45 101 50 295 162 155 1.22 

CVII 44 lOO 47 235 122 128 0.99 
2 44 101 50 343 192 117 1.47 
3 44 102 50 353 193 128 1.22 

DI2 56 101 49 191 80 89 0.72 
3 53 103 52 244 116 116 0.89 

DIll 46 102 49 197 98 123 0.68 
2 47 101 47 184 88 110 0.60 
3 48 101 50 184 91 114 0.58 

DVI 45 102 53 149 86 143 0.57 
2 45 102 50 172 91 139 0.60 
3 52 lOO 50 136 66 109 0.57 

DVIl 43 101 48 181 96 137 0.59 
2 43 99 47 185 100 153 0.69 
3 42 102 48 153 83 146 0.38 

Ell 49 101 50 189 95 136 0.74 
2 53 101 48 251 108 120 0.68 
3 50 102 51 201 101 151 0.74 

EIlI 48 101 48 184 87 124 0.50 
2 49 101 51 213 109 136 0.76 
3 47 102 52 161 87 108 0.58 

EVI 46 101 51 187 103 103 1.47 
2 44 102 52 157 92 153 0.68 
3 45 103 49 170 87 124 0.48 

EVIl 42 103 58 129 90 120 0.57 
2 43 103 50 180 98 151 0.72 
3 47 100 49 208 107 142 0.72 

FII 53 102 49 227 101 126 0.63 
2 53 102 51 240 112 140 0.63 
3 52 101 50 218 101 118 0.63 

FIll 45 101 49 197 103 171 1.26 
2 47 102 53 158 88 110 0.73 
3 49 101 50 166 83 119 0.83 

FVI 44 102 49 197 104 173 0.63 
2 43 102 50 180 102 145 0.59 
3 43 102 50 181 101 144 0.68 

FVII 44 102 50 163 89 148 0.49 
2 45 lOO 49 191 102 128 0.78 
3 43 102 48 169 90 128 0.50 
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