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ABSTRACT. Obscrvations on the spatial distribution and on the strain dependence of
the crack density are given for cracks formed during compressive, unidirectional, constant-
strain-rate deformation of columnar-grain ice. Specimens, in the 5grain-sizc range of about
2 9mm, were strained at the nominal rates of 107,10 and 105 'at  10°C. The axis of
hexagonal crystallographic symmetry of each specimen grain tended to be in the plane
perpendicular to the long direction of the grains and to have a random oricntation in that
plane. For stress applied perpendicular to the long direction of the grains, the deformation
was practically two-dimensional. Tt was found that the log-normal distribution function
provided a good approximation to the strain dependence of the crack density. Statistical
characteristics of the distribution had a maximum in the same range of strain rate as found
for the strength of columnar-grain ice. Analysis of the spatial distribution of the cracks in-
dicated some deviation from randomness for specimens of grain-size less than 5 mm and
total strain less than 50 x 107*. The obscrvations provide further evidence that crack for-

mation under the experimental conditions is a random process.

1. INTRODUCTION

In Gold (1997), information was given on the statistical char-
acteristics for the type and length of deformation-induced
cracks in columnar-grain ice. This paper presents similar
information for the strain dependence of the crack density
and the spatial distribution of the cracks for the same crack
populations. The two papers arc part of the record of a study
of the dependence of the statistical characteristics of grain-
boundary and transcrystalline cracks on strain rate, grain-
size and temperature, carried out when the author was a
Visiting Scientist at the Institute for Marine Dynamics of
the National Research Council of Canada in St John's,
Newfoundland.

There is considerable interest in the strength of ice and the
factors that control it, particularly with reference to engin-
eering problems such as the prediction of ice forces on off-
shore structures (Sanderson, 1988; Daley, 1992; Arunachalam
and Muggeridge, 1993). Damage to the ice due to such forces
is known to be one of the stages of failurc (Frederking and
others, 1990; Riska and others, 1990; Cole, 1991; Stone and
others, 1997). Attempts have been made to take into account
the effect of damage on the rheological behavior of ice (e.g.
Sinha, 1988, 1991a, b; Jordaan and Xiao, 1992; Kalifa and
others, 1992; Meany and others, 1996; Xiao and Jordaan, 1996).

Attention has been given to possible mechanisms of for-
mation of cracks in ice (Gold, 1972a, b; Cole, 1988; Kalifa
and others, 1989, 1991; Frost and Gupta, 1993; Irost and
Smith, 1993; Picu and Gupta, 1995; Elvin and Sunder, 1996;
Weiss and others, 1996). Little attention has been given,
however, to the characteristics of the crack populations that
are induced. Gold (1972a, b, 1997) showed that such popula-
tions, produced by a uniaxial constant load perpendicular
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to the long direction of the columns of columnar-grain ice,
have statistical characteristics that depend on the stress,
strain, strain ratc, grain-sizc and temperature. Kalifa and
others (1989) showed that the ratio of grain-boundary to
transcrystalline cracks for granular ice depend on the strain
rate. Kalifa and others (1991) found a temperature and
grain-size dependence of the stress and strain for the initia-
tion of the first crack in granular ice, similar to that found
by Gold and others (1993) for columnar-grain ice. Cole
(1986) gives information on the dependence of the crack
length on grain-size for granular ice, and the distribution
in crack lengths for the induced population. The present
paper provides additional evidence that, for some relatively
common situations of ice structure and applied forces, crack
initiation can be assumed to be a random process, resulting
in grain-boundary and transcrystalline crack populations
with well-defined statistical characteristics.

A purely statistical study of the stress, strain, strain rate,
grain-size, ice structure and temperature dependence of
crack populations should not be cxpected to yicld funda-
mental information on the mechanisms of initiation of indi-
vidual cracks. Well-defined statistical characteristics for
these populations, however, can yield useful insight into
the general nature of the mechanisms and their dependence
on the above variables. Also, knowledge of the statistical
characteristics can provide a connection between the
micro-scale of crack initiation and the macro-scale of speci-
men or ice-cover failure.

2. NATURE OF THE INVESTIGATION

The method of preparing the ice and specimens, measuring
the strain and grain-sizc and observing the cracks after cach
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test is given in Gold (1997). Specimens were 200 mm X

90 mm x 30 mm, with the long direction of the columnar
grains perpendicular to the 200 mm x 90 mm face. The axis
of hexagonal symmetry of each grain tended to lie in the
plane perpendicular to the long direction of the columnar
grains and to have a random direction in that plane. A uni-
axial compressive stress was applied to the 90 mm X 30 mm
end faces, perpendicular to the long direction of the grains,
at a constant rate of cross-head displacement by a servo-
controlled hydraulic actuator. The specimens were strained
at the nominal rates of 107,10 and 1057}, corresponding
to average measured values of 7.6 x 107", 76 x10™ and
7810757, respectively. Strain rates were almost constant
over the strain range of 1.4 x 107 to the maximum imposed
during a test for the nominal rates of 107 and 10 *s . Some
plastic strain was observed at the nominal rate of 107°s .
Two experiments were carricd out at the nominal rate of
107257} 6.7 x 10735 ), but these were at the limit of the
strain- and crack-recording systems. ‘lests were conducted
at —5°% —10°, —20° and —30°C; only observations at ~10°C
are presented in this paper.

Strains were measured with two electrical extensometers,
one mounted on each edge of the specimen, and were
recorded on a computer at a rate that depended on the nom-
inal strain ratc. Strains used in the analyses are the average of
these two measurements. The maximum stress applied to the
specimens was limited in cach casce to about 60% of the fail-
ure stress that would be expected for the conditions of the
test, 1.e. to 3-3 MPa, depending on the nominal strain rate.
The corresponding maximum strains were between 6 x 107
and 9 x107*. A video camera, mounted in front of the speci-
mens and recording at a rate of 30 frames s ', monitored the
formation of the cracks. The formation of a crack was abrupt
and easily detected by the reflection of light from two lamps,
one on each side of the specimen. A light appcared in the
video record at the instant a test was started. This allowed
the strain and crack records to be synchronized to within
one-30th of a second.

Because of the random crystallographic orientation of
each grain, the columnar-grain structure, the anisotropy in
the resistance to viscous shear for single-crystal ice and the
dircction of the stress relative to the long direction of the
grains, the initial deformation was, elfectively, two-dimen-
sional, the strain in the long direction of the grains was
much smaller than in the plane perpendicular to that direc-
tion. The problem, therefore, was one of cracks forming
under two-dimensional deformation rather than threc-
dimensional, as would be the case for a granular structure.

The cracks were long and narrow, with their long direc-
tion 1n the long direction of the grains and their plane tend-
ing to be parallel to the applied compressive stress. There
was no visual evidence of their increasing in size for strain
rates greater than 107°s™" and stress less than 60% of the
yield or failure values. A few cases of enlargement were
observed in the video record for the average strain rate of
78 x10 ®s L. All information for the analysis presented in
this paper was obtained from the video and strain records.
It was not possible, unfortunately, 1o differentiate between
grain-boundary and transcrystalline cracks during a test.

A statistical analysis of the length of grain-boundary and
transcrystalline cracks in the plane perpendicular to the
long direction of the columnar grains (Gold, 1997) indicated
that the formation of cracks under the conditions of the tests
was a random process. This paper presents addidonal in-
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formation from the same work on this possible random beha-
vior. In the next section, evidence is presented for the
statistical nature of the strain dependence of the crack den-
sity (cracks m ). The assumption of random behavior for the
spatial distribution of the cracks 1s considered in section 4.

3. STRAIN DEPENDENCE OF THE CRACK
DENSITY

In an earlier study of the statistical characteristics of cracks
formed during uniaxial creep, observations on the strain de-
pendencce of the crack density were made for applied stresses
of 06, 0.8, 1.0, 1.2, 1.6, 1.8 and 2.0 MPa at a temperature of
—-9.5°C. The average grain-size was about 3 mm. Some of
this work was reported in Gold (1972a, b). An approach by
Weibull (1951) was used in that study to determine a prob-
ability distribution function for the dependence of the crack
density on stress and strain that was in reasonable agree-
ment with the observations.

One goal of a statistical study can be to find the simplest
probability-distribution function that is a satisfactory des-
cription of the data. In the present study, it was found that
the log-normal distribution appeared to be a better descrip-
tion than that based on the approach of Weibull for both the
constant-strain-rate tests and the earlier constant-load tests.
This distribution was used, therefore, to describe the statis-
tical dependence of the crack density on strain for both con-
ditions. In order to fit the distribution to the observations,
however, it was necessary to determine or estimate the max-
imum crack density, Ny, that would develop if the random
crack-forming process was not interrupted by tertiary creep
or failure. For the creep tests, Ny could be estimated from the
observations for stress less than 1.2 MPa as the rate of crack
formation tended to zero during the secondary creep stage.

The observations of the strain dependence of the number
of cracks formed in a 6 cm x 10 cm central area of each speci-
men for the creep tests were combined for each constant-
stress condition. Cracks formed during the loading of the
specimen if the stress was about 0.8 MPa or greater. These
cracks were usually small and at grain boundaries. The num-
ber of grain-boundary plus transcrystalline cracks, minus
the cracks formed on loading, were plotted against strain on
a log-normal probability coordinate system using the com-
puter program KaleidaGraph. The ordinate of the plot was
n{e)/ Ny, expressed as per cent, where n(e) is the crack den-
sity (m %) at strain e. The value for Ny was varied until a
maximum was found [or the correlation coefhicient for an ex-
ponential curve fit to the observations. For those cascs for
which the random process of crack formation was inter-
rupted by tertiary creep, the exponential curve fit was
applied over the range of strain for which the obscrvations
indicated that tertiary creep had not yet been initiated.

The curve fit gave an equation of the form:

n{e) Ilne—Ine
nor ==

N, . zZ. (1)
If the correlation coefficient is sufficiently large, €y can be
taken as the logarithmic mean of the log-normal distribution
approximation for the observations, with s the standard devi-
ation. A table for the standard normal distribution function
{see, e.g., Kempthorne and Folks, 1971) can be used to deter-
mine n(e) /Ny for given values of Z.

Tablc 1 presents, for the creep tests, g, s, estimated value
for Ny and the range of strain rate associated with the range
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Table 1. Constants for the strain dependence of the exponential
curve fit to the log-normal probability distribution for the
crack density found for the creep experiments

Stress Rangeiné  Ng x 107" ¢ x 10* 5 r
MPA x10°s ! m

06 006 015 0.0615 30.38 0.62 0.9967
08 017 —0.38 0490 3103 0.87 0.9963
L0 0.33 —070 1.50 30.33 097 0.9990
1.2 0.75 ~2.50 4.05 5372 117 0.9996
1.6 1.67 —14.70 6.5 528 1.24 0.9995
1.8 147 —583 25 91.56 116 0.9999
2.0 20 -157 23 40.23 0.91 0.9999

Notes: The equation for the exponential curve fit is given by
norm [n(e)/Ny) = (Ine —Iney)/s = Z, where € is the logarithmic
mean of the distribution, s is the standard deviation, Ny 1s the maximum
crack density and Ris the correlation coefficient. The range in strain rate
¢ corresponds to the range in strain in which the formation of cracks was
observed; average grain-size =3 mm; temperaturc —9.5°C.

in strain for the analysis. The value of Ny for stress up to
1.2 MPa was found to agree closely with the value expected
from the obscrvations. Figurc | is an example of the expo-
nential curve fit giving a maximum for the correlation coef-
ficient for tests carried out under creep stresses of 0.8 and
1.8 MPa. In the case of the tests for the stress of 1.8 MPa,
the range of strain is 0-20 x 10" because of the development
of tertiary creep at larger strains.

99.99 T

T T T T T T

99.9 —H "~ 65=0.8MPa, N, = 4900 m* =

9 A~ 5=1.8MPa, N =25x10*m?
o

95
90
80
70 -

(%)

50 -

©

30
20
10 -

5

n{e)/N

1 F

01 ' RTINS | ) (gl !
10°* 10°® 1072 10"
Strain

Fig. 1. Log-normal probability plot for cracks formed in creep
experiments for the stresses, o, of 0.8 and 1.8 MPa ( see Table
1). Average grain-size =5 mm; temperature —9.5°C.

For the constant-strain-rate tests, the dependence of the
crack density on strain for a central 6 cm x 8 ¢cm arca of obser-
vation was determined for each test from the synchronized
video and strain records. The video record was viewed frame
by frame at a magnification of about 1.2 on a screen that was
about 30 cm square. For this magnification, and by moving
hack and forth between frames if necessary, it was relatively
easy to determine to within one-30th of a second the time of
appearance of a bright spot that indicated the formation of a
crack. This was found to be the case down to the smallest crack
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in the crack populations induced under the conditions of the
experiments {crack length ~0.2 mm; Gold, 1997).

For nominal strain rates greater than about 10 s ', it
would be expected that the ice would fail in a brittle manncr.
The applied stress for each experiment was limited to 60%
of the expected failure stress, so that the random process of
formation of cracks would not be interrupted by failure, and
the crack density would be sufficiently small not to mask the
formation of cracks. The range of strain over which the crack
observations were made, therefore, was a small fraction of
the hypothetical range that would be expected to be asso-
ciated with Ng. This caused a problem for the analysis, as
the observations defined only the tail of the distributions.

The observations werce grouped for each nominal strain
rate in the average grain-size ranges of 2-4, 4-6 and 6 mm
to the maximum value for the tests. Again, n{e)/Ng, in per
cent, was plotted against strain on a log-normal probability
coordinate system using KaleidaGraph. It was found that as
Ny was increased, the correlation coefficicnt rose rapidly to
a value greater than 0.99 and continued to increase very
slowly with increase in Ny, except for the nominal rate of
107"s™", for which maximum values were found. Table 2
gives €, 5, the value or range in values for Ny and the
corresponding correlation coefficients for the equation for
the exponential fit to each set of observations for the three
ranges in grain-size.

It was found that if the first one or two cracks were
included on the plot as specific data points for the analysis,

Table 2. Constants for the strain dependence of the exponential
curve fit to the log-normal probability distribution for the
crack density found for the constant-strain-rate experiments

Nominal strain Rangein Ng  Rangein € Rangeins Rangein R
rate
s x 107 m™® x 10*
2<d<4mm
10 10-14 9.9-109 0.38-0.39 0.9985
w0 5 9.1 046 09996
10° 20-40 48.1-871 1.20 131 0.9969-0.9976
4 <d< 6mm
07? 10~20 104-13 0.45-0.49 0.9955-0.9939
107° 15-20 27-35 L14 119 0.9970 09974
d > 6mm
107 10-20 13.2-18.7 067-0.74 0.9964-0.997
10 ¢ 3 6.0 0.52 0.9998
107 16-24 18.5-277 1.17-1.27 0.9997-0.9998

Notes: The equation for the exponential curve fit is given hy
norm [n(e)/Ny] = (Ine —Iney)/s = Z, where ¢ is the logarithmic
mean of the distribution, s is the standard deviation and Ny is the max-
imum crack density. The range in Ny, ¢g and s corresponds to the value
or range in value of the correlation cocfficient, R; d is the average grain-
size; temperature 10°C.

this could result in a lower maximum correlation coeffi-
cient. Therefore, these data points, which were at strains of
<1.0 x10 * were excluded. Figure 2 is an example of an ex-
ponential fit to data obtained for the average grain-size
range of 2 < d < 4 mm at the nominal rate of 10°%s7! and
of 6 < d < 9mm at the nominal rate of 10775, The corre-
lation coeflicients are given in'lable 2. 'T'his figure indicates
the relatively small percentage of cracks relative to the
hypothetical maximum density that was observed for the
conslant-strain-rate tests.
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Fig. 2. Log-normal probability plots for cracks formed al the
nominal strain rates of 10> s and 107757 ( see Table ).
Average grain-size is given by d; temperature —10°C.

- Figure 3 shows the strain-rate dependence of the esti-
mated maximum crack density, Ny, for both the creep and
the constant-strain-rate tests and average grain-size in the
range 2— 4mm. The range in strain rate for the creep tests
corresponds to that for the time over which the cracks were
observed to form. The range in maximum valucs for the
nominal constant strain rates of 107 and 107°s™" is asso-
ciated with the range in values for the correlation coefli-
cients given in Table 2. It can be seen that Ny increases
rapidly to an apparent maximum with increasing strain
rate,
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Fig. 3. Strain-rate dependence of the actual or hypothetical
maximum crack density (see Tables I and 2). The range in
strain rate for the creep experiments corresponds to the range
of strain over which the observed cracks formed; the range in
Ny for the constani-strain-rate experiments is associated with
the range in value for the corresponding correlation coefficient.
Average grain-size =3 mm; temperature —=9.5°C for the creep
experiments and —10°C for the constant-strain-rate
experiments.
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Figurc 4 gives the strain-rate dependence for €. It is rel-
atively constant for the range of strain ratcs for the ductile
behavior associated with the creep tests for stress less than
1.0 MPa. It riscs to a maximum in the strain-rate range of
107 t0 10°s™" and drops to a relatively constant value for
strain rates greater than about 105", i.e. less than that for
fully ductile deformatcion behavior. Figure 5 presents the
strain-ratc dependence of s. It rises quickly to a maximum
at a strain rate a little less than 107 s, then decreases rapid-
ly to values less than that for the [ully ductile condition by
the nominal rate of 107*s™", The effect of grain-size on the
strain-rate dependence of Ny, ¢y and s for the constant-
strain-rate tests is indicated in Figure 6. The effect appears
to be relatively small for Ny It appears to reverse with
increasing strain rate flor €y and to increase for s.

4. SPATTAL DISTRIBUTION

Gold (1972a) studied the spatial distribution of cracks
formed in the same type of ice under a constant uniaxial
compressive stress applied perpendicular to the long direc-
tion of the grains. After completion of a test, the specimen
surface perpendicular to the long direction of the grains was
divided into a grid of cqual squares. If the spatial distribu-
tion of the cracks is truly random, the probability of finding
exactly k cracks in any square should be given by the Poisson
distribution:

e~)\ Ak

Tk )

where A is the expected or mean number of cracks per square.

p(k,A) =

In the earlier work, several specimens were strained to
15x107% 25107 and 50 x 10" * under a stress of 1.0 MPa.
A grid, 6 cm x 10 cm, subdivided into 2 cm x 2 cm squares,

2
10° (e
o Oo—-o0
L —O—o 4
o
- 1
x 10 PY l:
w° [ q
r 0.6 MPa —2— 1.8 MPa 1
I —8— 0.8 MPa —O0— 2.0 MPa 1
I —o— 1.0MPa —&— . _ 103"
()
| —%— 1.2 MPa —e— . _10%st )
—+— 16 MPa —h— ¢ 105"
0
100 [T S GIRRETT| N ORI A SRS | Lo
10*® 107 10 10° 10* 10°

Strain rate (s™)

Fig. 4. Strain-rate dependence for € for the creep and constant-
strain-rate experiments (see lables I and 2). The range in
strain rale for the creep experiments corresponds to the range
of strain over which the observed cracks formed; the range in
N for the constant-strain-rate experiments is associated with
the range in value for the corresponding correlation coefficient.
Average grain-size =3mm; temperature 9.5°C for the creep
experiments and —10°C for the constant-strain-rate
experiments.
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Fig. 5. Strain-raie dependence of the standard deviation, s, for
the creep and constant-strain-rate experiments (see Tables 1
and 2). The range in strain rate for the creep experiments corre-
sponds to the range in strain over which the observed cracks
Jormed; the range in Ny for the constant-strain-rate experi-
ments is associated with the range in value for the correspond-
ing correlation coefficient. Average grain-size ~3mm;
temperature —9.5°C for the creep experiments and —10°C for
the constant-strain-rate experiments.

was placed on the central area of the surface of each speci-
men, and the number of cracks in each square was counted.
The total number of squares containing exactly k cracks for
all the specimens strained to each given value above, was
determined and compared to the expected number given
by the Poisson distribution. In somec cascs it was necessary
to combine the number of squares with successive numbers
of exactly k cracks in order to have sufficient for the analysis.
The crack numbers that have been combined for each strain
condition are shown in the columns headed V inTable 3. A
measure of the agreement between the observed and pre-
dicted number of squares was obtained using the x? test.
Table 3 gives the calculated x? and the theoretical value for
X3 g5 for cach sct of results. According to the x? test, the hy-
pothesis that the formation of the cracks had a spaaal Poisson
distribution would have to be rejected at the 3% level for the
populations formed in total strain of 15 x 10 *and 25 x 1074,
but was acceptable at the strain of 50 x 10 *. At this strain, the
value of A was so large that the assumption of a normal dis-
tribution was also acceptable at the 5% level {the Poisson dis-
tribution tends to the normal distribution with increasing A).

I'or the constant-strain-rate tests, the video record for
each test was viewed frame by frame. A transparent film was
placed on the surface of the view screen, and the location of
each crack in the central 7 cm x 10 cm area of each specimen
was marked as it formed. The period during which the forma-
tion of cracks was observed was divided into two to four con-
secutive groups of video frames, the number depending on
the nominal strain rate for the test. A different color was used
for each group to locate the position of the crack.

A grid of 12 squares was inscribed on the transparent
sheet. The size of each square was equivalent to 2cm x 2 cm
on the original ice surface. The viewing area defined by the
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Fig. 6. Grain-size dependence for Ny (a), €y (b) and s (¢)
Srom the constant-strain-rate experiments. Grain-sizes, d-
Silled circles, 2 < d < 4mm; diamonds, 4 < d < 6mm;
triangles, >6 mm. Temperature —10°C.

grid was equivalent to an area 6 cm x 8 ¢m, located so that
only cracks that were at least 1.5 cm from the edges of the spe-
cimens and 6 cm from their ends were counted. For each
nominal strain rate, the specimens were grouped according
to whether their average grain-size was less or greater than
5 mm. The number of cracks in each square was counted for
each specimen. The total number of squares with a given
number of cracks was determined for the specimens in each
grain-size range and nominal strain rate, and compared to
the theoretically expected value determined from the Poisson
distribution. In some cases it was necessary to combine the
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Table 3. Distribution in the number of cracks formed in 2 cm X 2 cm squares for columnar-grain specimens strained a given

amount, €, by a constant uniaxial load of | MPa

N e=15x10" N e=2x10"" N e=350x 10"
em? A = 131 cracks em ' ? cm 2 A = 2.96 cracks cm ° cm ° A = 595 cracks cm 2
Number of squares Number of squares Number of squares
0?& PuzI'f_;\'un (f - Fi)z aju Pa;mn f - E)z 0;5. Po?fml (f — E)Q
Ji 1 Fl i 12 E i 1 le
0 100 85 265 0 33 15.5 19.75 02 16 158 0.00
1 109 1113 0.05 1 33 16 1.06 3 27 19 3.37
2 50 729 719 2 33 68.1 3.35 4 21 249 0.61
3 33 31.8 0.05 3 51 67.2 39 ) 22 26.2 0.67
4-9 23 14 579 4 47 497 0.15 6 16 23 2.13
5 28 29.4 0.07 7 20 17.2 046
>6 19 24.1 4.93 8 16 113 1.95
>8 12 12.6 .03
Total 315 315 300 300 150 150
Observed x? 1573 33121 9.22
Theoretical x2,,, 9.49 12,59 14.07

Notes: N is the number of cracks per cm? f, is the observed number of squares containing N cracks, F} is the theoretical number of squares predicted by the
0 . . ; - N2 -
Poisson distribution, A is the corresponding expected value and x? = Y, (/f; — £})°/F}; temperature - 10°C.

number of squares lor successive numbers of exactly k cracks,
as was done for the constant-load cxperiments. Table 4 gives
the crack numbers that were combined, the calculated 2
and the theoretical value for X%,o; for the two grain-size
ranges and three nominal strain rates. It can be scen that the
assumption of a Poisson distribution is rejected at the 5%
level for the nominal rates of 107 and 10 *s ' and grain-size
of <5mm, but cannot be rejected for the other conditions.
The constant-strain-rate and constant-stress experiments
indicate that the spatial distribution becomes increasingly
Poisson with increasing strain, decreasing strain rate and
increasing grain-size.

A possible reason for the distribution of cracks not to be
fully random can be understood from Figure 7, a plot of the
position of the cracks formed in successive ranges of strain
corresponding 1o the consecutive grouping ol the video
frames, for a specimen of average grain-size 2.3 mm strained
at the nominal rate of 105" This figure shows that, for
some ranges of strain, there appeared to be a tendency for
the alignment of cracks to be influenced by the shear stress.
The nature of the distribution in the cracks varied from one
specimen to the next, but usually the final distribution ap-
peared to be relatively uniform over the area in which the
crack positions werc marked, as in Figure 7. For a very few
specimens, only one band of aligned cracks was obscrved. It
was about 5c¢m wide and uvsually included a significant
proportion of the total number of cracks.

5. DISCUSSION

Figures 3—5 show that there 1s a maximum in Ny, € and s at
the strain rate of about 107>s ™", This order of strain rate is
about the same as that for the brittle to ductile transition
found for the deformation behavior of columnar-grain ice
subject to the same conditions of loading (Sanderson, 1988).
Gold (1997) found a maximum for the crack length at about
the same rate of strain. He also found that for total strain of
6x107* t0 9 x 107", applied in the constant-strain-rate tests,
the proportion of grain-boundary cracks decreased from
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about 100% at the nominal strain rate of 10 %s ! to about
65% at the nominal rate of 107 s™", The delayed elastic com-
ponent of the strain incrcased with decreasing strain rate
and there was a significant plastic component at the nom-
inal ratc of 10 °s ' (Gold, 1994). In summary, the occur-
rence of the maxima with decreasing strain rate is
associated with an increasing proportion of transcrystalline
cracks and an increasing delayed elastic and plastic strain.

Cole (1988) showed that for strain rate greater than
107°s ' and strain less than 107, there is insufficient time for
dislocations processes to be significant for crack initiation in
ice. Gold (1997) showed that the strain-rate dependence of
the average crack length for the grain-boundary cracks was
consistent with nucleation by the singularity-induced stress
at triple points. The strength of the singularity decreased
with increasing strain rate to the valuc expected for the small
anisotropy in the elastic constants of ice at the strain rate of
about 10 s ™! (Tvergaard and Hutchinson, 1988). One would
surmise {rom this, and the observations above, that the max-
ima result from the strain-rate-dependent interplay between
dislocation mechanisms favoring the formation of transcrys-
talline cracks, and non-dislocation mechanisms favoring the
formation of cracks in grain boundarics at triple points. It is
significant that the statistical behavior of the crack popula-
tions is sufficiently robust that the transition is clearly
present in their statistical characteristics.

For the great majority of the grain-boundary cracks in the
constant-strain-rate experiments, at least one edge was at a
triple point. The grain density ranged from about
26 x10*m™ for an average grain-size of 7mm to about
14 x10*m™? for an average grain-size of 3 mm. The number
of triple points available for the formation of cracks at grain
boundaries suitably oriented with respect to the applied stress
(about £60° to the applied stress; Gold, 1966) is about twice
the grain density, i.e. about 5 x 10* to 28 x 10* m = This is of
the same order as the range in the hypothetical maximum
crack density for the nominal strain rate of 10 s~ indicating
that, with sufficiently large strain rate, every suitably
oriented grain boundary is a candidate for a crack.

The standard deviation can be viewed in two ways 1n this
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Table 4. Distribution in the number of cracks formed in 2 em X 2 cm squares for columnar-grain specimens strained to 6 x 10 *

109 % 107" at the nominal rate of strain, é,

Grain-size, d, <5 mm

N =10 %™ N € = 1075 N €= 1075
cm 2 A = 3.26 cracks cm ° em ? X = 348 cracks cm 2 cm™? = 463 cracks em >
Number of squares Number of squares Number of squares
njl:s Pa;yon (f - F. )2 ojlis. Pu?-un fi— F )2 Oj;_& Po;;mn ( f—F )g
i i Aﬂ i i 2 i i 7
0,1 30 17.7 8.35 0,1 21 13.3 14.46 0,1,2 22 15.3 293
2,3 40 459 0.76 2,3 41 387 0.14 3.4 25 334 2.11
4,5 15 322 9.19 4,5 17 30.7 6.11 56 26 29.4 0.52
6,7 11 99 0.12 > 5 17 13.3 1.02 >6 23 179 145
>7 12 23 40.9
Total 108 108 96 96 96 96
Observed x? 59,52 1173 701
Theoretical x3 9.49 78 7.82
Grain-size, d, >3 mm
N &y = 107357 N =101 N b= 107"
cm A = 279 cracks cm 2 cm? \ = 4.74 cracks cm 2 cm? X = 66 cracks cm 2
Number of squares Number of squares Number of squares
o;s. Po?‘an f - F )2 ojl;s. Pn?‘on (f: Fz‘)2 ojbrs Pu?_':mn (fi - F, )2
7 k3 E k3 i F; K t E
0,1 34 279 1.33 Oto?2 11 10.7 0.01 O3 13 76 3.84
2,3 47 354 1.27 3,4 24 244 0.01 4,5 16 18 0.22
4,5 29 29 0 5.6 23 225 0.01 6,7 19 21.8 0.36
>5 10 7.7 0.69 >6 14 14.4 0.01 8,9 11 15.2 116
>9 13 9.4 1.38
Total 120 120 72 72 72 72
Obscrved x2 329 0.04 6.96
Theoretical X%_% 7.82 7.82 9.49

Nbtes: N is the mumber of cracks per cm”, f; is the observed number of squares containing N cracks, F} is the theoretical number of cracks per square predicted
by the Poisson distribution, A is the corresponding expected value and x* — 37, (fi — F)?/F}; temperature —10°C.

study of the statistical characteristics of crack populations. In
the analysis of crack lengths (Gold, 1997), it is a measure of
the spread in the crack-length distribution. For the depen-
dence of the erack density on strain it is a measure of the
rangce of strain over which the distribution is distributed. In
the earlier work on crack formation during creep (Gold,
1972a, b), it was found that the mean strain for the assumed
distribution was relatively constant for a stress of 1 MPa or
less, as was also found for the log-normal distribution shown
in Figure 4, and the rate of formation of the cracks tended to
zero with increasing strain. Almost 95% of the cracks had
formed by the strain of 150 x 10™*, and the crack populations
conformed well with the derived-distribution curve. The
situation changed at a stress of about 1.2 MPa or strain rate
of about 10 ®s™", At about this stress a tertiary stage began to
appear in the creep curves, and the crack populations began
to deviate from the derived distribution at strains of ahout
50 x 107* or less. Beyond that strain, the rate of cracking
tended to become constant or even increasc.

For the constant-strain-rate experiments, the range of
strain associated with the hypothetical crack-density distri-
bution could not be observed directly because, as pointed
out carlier, each experiment would have been interrupted
by failure. What is happening physically can be appreciated
from the strain dependcence of s (Fig. 5) and Tigure 8, which
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1s a log-normal probability plot of the crack-density distri-
bution for the fully ductile condition for the constant stress
of 0.6 MPa, and the observed and hypothetical portions for
the average maximum value of s in"lable 2 at the nominal
strain rates of 10 * and 10 ®>s'. With increasing strain rate,
the range of strain associated with the hypothetical crack-
density distributions increases to a maximum {maximum
s) and then decreases to a value for the more elastic condi-
tion that is less than that for the fully ductile condition. Gold
(1998) has combined this information with published infor-
mation on the strain-rate dependence of the strain at failure
for columnar-grain ice under the same conditions of loading
(see, e.g., Sinha, 1981, 1982), (0 obtain an estimate of the cri-
tical crack density at yield or failure. Figures 3—6 and 8 give
an appreciation of the challenge of incorporating damage
into a rheological model for ice, even for the uniaxial load-
ing of columnar-grain ice. The present work indicates the
nature of the probability-based statistical connection
between the elastic, delayed elastic and plastic deformation
ofice, and yield and failure.

The randomness in the crystallographic orientation of
the grains and in the characteristics of potential stress singu-
larities in and between grains, is built in at the time the ice is
madec. As suggested in Gold (1997), it would seem reasonable
to assume that the combination of random crystallographic
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Gold: Strain-dependent denstty for cracks in columnar-grain ice
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Fig. 7 Spatial distribution of cracks formed in given ranges of strain, €, in a specimen of average grain-size 2.5 mm, strained at the
nominal rate of 10757 (a) 258 x 10* < e < 334 x 107 (b) 334 x 107* < e < 45 x 107" (c) 45x W' < e <
522 % 1077 (d) 522 x 1077 < € < 6.0 x 1077; (¢) all cracks, with symbols the same as for (a—d ). Temperature —10°C.

orientation and properties of the stress singularities would
result in a randomly variable internal strain-encrgy field.
The observations made in the experiments should give
information on the component of the strain-energy field
that 1s available for the formation of cracks and how it
evolves under the applied load in 2 manner that depends
on the stress, strain, rate of strain, temperature and the
shape, size and relative orientation of the grains. The indu-
cing of cracks is an experimental means of making manifest
the statistical characteristics of the underlying variable
strain-energy distribu-tion, at least to the extent that the
crack length is a rcasonable measure of that cnergy.

The spatial distribution of cracks formed in a small
range of strain indicated intcraction between stress singula-
rities in the same shear band, as shown in Figure 7. This
interaction, however, appears not to have had much effect
on the distribution functions determined from the crack-
length and crack-density analysis. This would be expected
if the interaction is small, as the observations were grouped
in successive increments of crack length or strain. Within
each increment of length or of strain, the order in which
the cracks form is not important for defining the distribu-
tions. It is clear, however, from this work and that of others
{e.g. Schulson, 1990; Daley, 1992; Jordaan and Xiao, 1992),
that the failure event depends on the way deformation-in-
duced damage evolves and that the evolution of the damage
is very dependent on the stress conditions imposed on the
boundaries of the ice body.

If the crack-forming process is truly random, then there is
justification for exploring the possible use of set theory for
calculations involving crack populations. In addition, a log-
normal distribution for the total crack population implies a
log-normal distribution for the grain-boundary and trans-
crystalline populations (Cramér, 1966). If the crack popula-
tions are a valid measure of the underlying strain-energy
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distribution, it would be of interest (0 investigate the degree
of independence between that portion of the strain-energy
distribution giving rise to grain-boundary cracks and that
portion giving rise to transcrystalline cracks. This question
1s relevant to the assumption that the statistical naturc of the
crack-forming processes is determined by the random crys-
tallographic orientation and other properties of the ice built
in at the time the ice is formed. Exploring such questions

99.99 T T —— T
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80
70 -

(%)

50 I~
30
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10 |~

5 b

n(e)/N

oo el 1t
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Fig. 8 Observed (solid lines) and hypothetical (dashed
lines) crack-density distribution for stress = 0.6 MPa,
s=062 én=10%s" s=0385 én=107"5"
s = 1.25. Grain-size =3mm; temperature —=9.5°C for the
constant-load condition and —10°C for the constant-strain-
rate conditions.
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could provide additional insight into the stress, strain, strain
ratc and temperature dependence of deformation mechan-
isms for ice and their dependence on grain-size, shape and
crystallographic oricntation. It would be of interest, in this
regard, to explore cavity formation and the factors on which
it depends as part of the continuum of deformation behavior.

6. CONCLUSIONS

The log-normal distribution function provides a rcasonable
description of the statistical nature of the strain dependence
of the crack density for columnar-grain ice subject to uni-
axial stress perpendicular to the long direction of the grain
boundaries. The spatial distribution of the cracks was found
to deviate from random for grain-sizc less than > mm and
total strain less than 30 x 107", The formation of a crack
may favor the initiation of other cracks in a common shear
band, but this docs not appear to affect the statistical distri-
butions for the crack density or the crack length. Random
crystallographic orientation and structural propertics of
the columnar grains, built in at the time the ice was formed,
are probably the reason for the observed random process of
crack formation.
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