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Abstract

This thesis is concerned with several aspects of fracture of both brackish
(low salinity) sea ice and freshwater ice. The tests and analyses are
confined to tensile, or in fracture mechanics language, Mode I, fracture.
A large part of this thesis is dedicated to demonstrate that Linear Elastic
Fracture Mechanics (LEFM) can be applicable on ice by laboratory and
in—situ tests of defined specimens. All interpretations are made using
the dicipline of LEFM.

First, the development of a field test equipment called the FIFT (a
Field Instrument for Fracture toughness Tests on ice) is described. The
FIFT is used in both field and laboratory fracture toughness. tests on
brackish sea ice from the Gulf of Bothnia to describe porosity effects on
the apparent fracture toughness, Kg, and estimate crack velocities. An
appropriate specimen size, in terms of notch sensitivity, is then provided
valid for grain sizes ranging from 1.6 to nearly 100 mm.

An augmented use of the FIFT is then described where fracture
toughness tests are performed on S1 type freshwater ice to investigate:
if similarities exist in the local K fields for three different fracture ge-
ometries. The results indicate that, under comparable conditions, Kq
is similar for all of the geometries. However, the type of specimen, has
a marked influence on the character of the fracture surface.

Then, the influence of structural anisotropy on the fracture tough-
ness of Sl ice is investigated by fabricating and testing three different
fracture geometries from a single ice core. This approach is suitable for
both field and, as in this work, laboratory studies. There is a wide scat-
ter in the Kq values. Possible explanations to the results are discussed
in terms of the microstructural influences and specimen size effects.

Finally, crack growth resistance measurements on large grained S1
ice is conducted. A new fracture geometry is used which is found to be
extremely favorable of promoting stable, stick-slip, crack growth over a
large portion of the uncracked ligament. Now, a complete characteri-
zation of the fracture resistance curve is therefore possible. A negative
fracture resistance Kr—curve is evaluated for the S1 ice at -16°C.



vil




DOCTORAL THESIS: Tensile fracture of ice

Contents
Preface it
Abstract vii
1 Introduction 3
1.1 Propertiesofice. .. ................. 7
Paper A: Fracture toughness and crack growth of brack-
ish ice using chevron notched specimens 11
2 Fracture of brackish ice 13
21 Abstract . .. .... ... ... ... .. ..., 13
22 Imtroduction . .. ................... 14
2.3 SRCN specimen and calibration . . ... ...... 17
24 FIFT- A field instrument for
fracture toughness testsonice . . . ... ... ... 20
2.5 Experimental procedure and test results .. .. .. 23
2.6 Stablecrackgrowth.................. 29
2.7 Porosity effects on fracture toughness . . .. . . .. 35
2.8 Notchsensitivity ................... 38
2.9 Discussion and conclusions . . . .. ......... 40
Paper B: Specimen geometry effects on the fractureof
warm pond (S1) ice 45
3 Geometry effects on the fracture of S1 ice 47
31 Abstract . . ............. ... ... .... 47
32 Imtroduction . ..................... 48



Table of contents

3.3 Loading device and specimen geometries . . . . . . 49

3.4 Experimental procedure ... ............ 53

3.5 Resultanddiscussion . . ... ............ 58

36 Conclusions . .. .. .. ... uuenno.. 63
Paper C: Orientation effects on the fracture of pond

(S1) ice 67

4 Orientations effect on the fracture of S1 ice 69

41 Abstract . . ... . . .. .. e 69

42 Imtroduction . . . . ... ... .. .. ........ 70

4.3 Fracture geomeries . .. ... ............ 73

44 Experimental procedure . .. ............ 75

441 TheCENRBB................. 7

442 TheCNT .. ... .. ............ 82

443 TheSCB .. ......... ... ...... 84

4.5 Results and discussion . . ... ........... 85

46 Conclusions . .. .. .. ... e, 89

Paper D: Fracture resistance determination of freshwa-
ter ice using a chevron notched tension specimen 91

5 Fracture resistance of freshwater ice 93
51 Abstract . . . .. .. .. .. ... .. 93
5.2 Imtroduction . .. .. .. ... ... .......... 93
5.3 Crack growth stability . ............... 96
54 The CNT specimen . .. ... ........ ee.. 98
5.5 The S1 ice microstructure . ... .......... 104
5.6 Experimentalsetup .................. 106
57 Testresults . ... ... ... ... ..o ... 110
5.8 Fracture resistanceof Slice . .. .. ........ 119
59 Conclusions . .. .. ... ...t uran.. 121

References 125

Theses from the Division of Structural Engineering 135



DOCTORAL THESIS: Tensile fracture of ice

Chapter 1

Introduction

The behavior of ice when under stress is an important subject for
an engineer. Fixed or mobile structures in cold regions must often
be designed to withstand forces that are exerted by ice. Sometimes,
also the bearing capacity of floating ice covers is used for transporta-
tion purposes for example as winter roads. During an ice/structure
interaction several ice failure mechanisms are possible. The ice can
fail by a continuum mode of failure (elastic buckling, creep buckling
or ductile indentation) or by a fracture mode of failure (crushing,
spalling, radial or circumferential cracking). This wide range of be-
haviors complicates the prediction of ice forces. Field observations
show that fracturing of ice caused by environmental forces or in-
teractions with a stationary structure is extensive. Ice around an
offshore structure often presents a chaotic picture of multifariously
fractured sheets and blocks. An icebreaker passing through an ice
sheet also causes a great deal of ice fracturing when. In these cases,
fracture appears to be the dominant failure mode in nature. There *
is very little apparent evidence of continuum deformations. They
do exist but are not the norm. Global splitting or fracture has
been proposed as a possible load limiting process (Blanchet, 1990).
However, the conditions under which fracture events occur have
not been well defined and the influence of variations in fracture
toughness, tensile strength and the geometrical size scale needs to
be addressed. Scale effects also make it difficult to extrapolate lab-
oratory experiments to the full-scale case. Practical applications of
fracture mechanics to the study of failure of ice makes it possible

3



4 Chapter 1 Introduction

to incorporate the effects of fracturing into ice load calculations. It
also provides parameters for both the classification and the descrip-
tion of the mechanical behavior of ice.

A growing number of measurements on the fracture toughness
of ice is reported in the literature. Recent reviews are found in
Dempsey (1989), Dempsey et al. (1992), Parsons (1990) and Stehn
(1990). Materials such as concrete, rock, ceramics and ice have
an aggregate or grain size that is several orders of magnitude larger
than typical metals. Because of this inhomogeneity, these materials
do not strictly meet the assumptions of continuum mechanics in the
sense that a suitable large specimen size must be tested in order
that to mobilize polycrystallinity. However, many previous frac-
ture toughness investigations adopt the discipline of Linear Elastic
Fracture Mechanics (LEFM) without ensuring that the conditions
of small-scale yielding are fulfilled, ASTM E-399 (1985). Based on
crack length and specimen size considerations, Dempsey (1989) and
Dempsey et al. (1992) suggest that almost all previous fracture tests
on freshwater columnar ice have used sub-sized specimens. Only a
few investigators have used a sufficiently sharp crack with large
enough crack length to get reliable tests, i.e., tests that are notch
sensitive. However, based on a similar notch sensitivity study, Par-
sons et al. (1993) concludes that the earlier tests were valid. The
question is still open.

The survey of previous fracture toughness tests on both fresh-
water and sea ice shows considerable scatter in the reported data.
Meaningful comparisons are hard to make because of the different
test methods and ice types used. A certain amount of scatter in the
results is expected since different loading rates, temperatures, grain
sizes and crack orientations were used. In addition, the results are
influenced by the methods, or lack of methods, used to fabricate
and sharpen the cracks. Early studies often measured values aim-
ing to determine the effect of loading rate, temperature, anisotropy
and porosity on the fracture toughness. Lately, more concern has
been directed towards determining whether or not LEFM can be
applied to ice, both as a tool in evaluating toughness values from
different fracture specimens and to calculate loads in ice/structure
interaction models. To date, the emphasis has been on determining



DOCTORAL THESIS: Tensile fracture of ice 5

the fracture toughness corresponding to the initiation of a station-
ary macrocrack. For toughness tests not considering crack growth
stability, only the determination of Kj. (the plane strain fracture
toughness) is possible. The physical mechanisms of cracking in ice,
crack stability and crack growth in ice have received attention only
recently (Dempsey et al., 1986; Bentley, 1988; Parsons et al., 1988
and 1989; DeFranco and Dempsey, 1990, 1991 and 1993; Stehn,
1993 and Stehn et al., 1993). The following conclusions can be
made:

e The LEFM approach is valid provided that three essential
conditions are met; (A) the crack tip is sharp; (B) the crack
length is large in comparison with the grain size (polycrys-
tallinity); and (C) the specimen size (width, crack length and
uncracked ligament) is sufficiently large in comparison to the
crack tip process zone for the stress and deformation fields
surrounding the crack to be grossly elastic.

e The precise meaning of the plane strain critical stress inten-
sity factor, K., is only defined for metallic materials in the
ASTM E399 (1985). No such standard exists for ice and most
of the criteria of validity are unrealistic. Due to this lack of
a fracture toughness testing standard for ice, the notation
Kg should be used to denote an apparent fracture toughness
value, to symbolically represent the inherent assumptions in-
volved. According to Dempsey et al. (1988)

Kq = K(a.,p, Fq) (1.1)

where a, is the effective crack length, p is the fabricated crack-
tip radius and Fg the failure load. The notation in equation
(1.1) has long been used in the fracture toughness testing of
rock, e.g., Ouchterlony (1982). '

e In some cases during an ice/structure interaction, a limited
amount of slow crack growth may occur under increasing load.
This is followed by unstable crack propagation and a dramatic
drop in the ice load on the structure. This type of fracture
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cannot be quantified solely by Kj.; instead, a different ap-
proach based on the energy absorption capability of ice with
crack growth is necessary (DeFranco and Dempsey, 1993).
Therefore, it is apparent, that a methodical investigation of
fracture resistance behavior of ice is needed.

e Before fracture mechanics can be safely applied to ice engi-
neering problems, further basic understanding of the mate-
rial behavior of both freshwater and sea ice is needed. Ice is
ideal for performing in-situ fracture experiments due primar-
ily to its availability and low fracture toughness compared to
concrete or metals. This permits the use of portable load-
ing systems capable of providing sufficient failure loads. An
immediate consequence is the possibility to experimentally
verify full-scale fracture loads based on laboratory size effect
tests.

This thesis is concerned with several aspects of fracture of both
brackish (low salinity) sea ice and freshwater ice. Referring to the
title Tensile fracture of ice: Test methods and fracture mechanics
analysis, the tests and analyses are confined to the case of tensile, or
in fracture mechanics language, Mode I, fracture. This mode is the
simplest case of fracture but probably the most common in nature.
Laboratory and in-situ tests were conducted on defined specimens.
All interpretations are made using linear elastic fracture mechanics.
Therefore, a large part of this thesis is assigned to demonstrate that
LEFM can be applicable on ice.

Chapter 2 presents a field test equipment called FIFT (a Field
Instrument for Fracture toughness Tests on ice). The use of the
short rod chevron notched specimen is evaluated and the necessary
requirements for a valid LEFM measurement are described. Spe-
cial attention is directed to the effect of porosity on the apparent
fracture toughness and on the stability of crack growth in brack-
ish ice. An augmented use of the FIFT is described in Chapter
3 where, again, aspects of LEFM are examined. To jointly com-
bine a small-scale investigation with an on-going large-scale field
program, experiments were performed on freshwater ice to inves-
tigate if similarities exist in the local K fields for three different
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fracture geometries. Of real importance to field studies is the devel-
opment of a reliable fracture measuring methodology. This will be
addressed in Chapter 4 where the effect of anisotropy on the frac-
ture of freshwater ice using core specimens are described. Finally,
in Chapter 5 a new and stable fracture geometry is developed
and crack growth resistance, Kg—curves, for freshwater ice are pre-
sented. The issue of stability is again addressed whence it can be
concluded that stable cracking in cold large grained freshwater ice
occur incrementally by so called stick-slip cracking.

1.1 Properties of ice

Ice forms, of course, when water freezes. Only one type of ice is
formed at atmospheric pressure and temperature, the so—called or-
dinary ice I which has a hexagonal close packed structure. The
atomic structure of ice depends on the geometry of the water mole-
cule: each oxygen atom is bonded by its two hydrogen atoms to
four other oxygen atoms. The oxygen atoms bonds firmly in layers
of hexagonal symmetry but only forms one bond across to the next
layer, see Figure 1.1. This defines a basal plane (the preferred slip
plane), parallel to the layer structure. The number of molecular
bonds to be broken for deformation, e.g., creep or fracturing, par-
allel to the basal planes are less than in other directions. The axis
of symmetry, perpendicular to the basal plane, is called the c-axis;
it coincides with the optical axis of each ice crystal. Depending on
the stress rate and the orientation of the basal plane in combination
with the stress direction , ice displays a combination of responses:
it shows elastic response but also immediately begins to creep. In
addition, ice exhibit creep (ductile) deformation mechanisms but is
also an extremely brittle material if the applied stress or stress rate
is sufficiently high. For instance, it can fracture in a brittle manner,
even very near the melt temperature. Failure in ice is often caused
by a combination of creep and fracture.

Ice crystals are generally of extremely high purity. This is be-
cause very few impurity atoms have the right size to occupy lattice
sites in the atomic structure of an ice crystal. This is an impor-
tant point to recognize when dealing with sea ice: although formed
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452 A

Basal plane

737A

Basalplane

(a)

Figure 1.1: View of crystal lattice of ice. Large circles refer to
oxygen atoms and small circles to hydrogen bondings; (a) View
perpendicular to the c-axis, (b) View looking along the c-axis.

from a strong saline solution, the solid ice itself contains a negligible
amount of salt. This implies that the mechanical behavior for low
salinity sea ice and cold sea ice will be dominated by the freshwater
ice characteristics.

The formation of ice is divided into two separate stages: To
nucleate the first needle-like ice crystals a certain amount of su-
percooling and (foreign) nuclei are needed. As freezing progresses,
ice bridges develop between neighboring crystals and a skim ice
layer is formed. The second stage is the ice crystal growth induced
by the heat exchange between the air-water—ice interfaces. During
the freezing process the direction of heat flux is vertical, causing a
downwards growth of wedge-shaped grains. These grains are com-
posed of pure ice platelets, about 0.5 mm thick. When sea water
freezes, these ice platelets are separated by layers of fine brine pock-
ets. Part of the brine drains away from the growth boundary of the
ice, but some is mechanically entrapped in the ice structure giving
the sea ice a net salinity. Numerous brine pockets forms along the
boundaries both between the ice platelets and between the grains.
The pockets often form brine channels, which can extend vertically
throughout the entire ice sheet. The channels serve as effective
liquid brine drainage paths back into the sea water. In granular
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ice, brine pockets only forms between the grain boundaries. This is
probably because that randomly oriented grains produce less brine
channels than columnar grains. The fluid brine exists in a complex
stable equilibrium with the surrounding ice. At a given temperature
the fluid within the pockets must have a typical salt concentration
to be able to coexist with the pure ice. With a lowering of the
temperature, part of the salt in the brine precipitates and is incor-
porated into the solid ice structure. Equations incorporating the
effects of temperature, salinity and density on the air and brine
volumes can be found in Cox and Weeks (1983).

A general presentation of ice properties is given in e.g. Weeks
and Ackley (1982), Mellor (1983) and Sanderson (1988).

In Sweden ice properties have earlier been studied from an en-
gineering point of view by e.g. Lofquist (1944, 1952), Bergdahl
(1978), Cederwall (1981), Billfalk (1982) and Fransson (1984, 1988).
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Paper A

Fracture toughness and crack growth
of brackish ice using chevron notched
specimens

Lars M. Stehn
Department of Civil Engineering

Lulea University of Technology
S-951 87 Lulea, Sweden
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12 Fracture toughness and crack growth of brackish ice ...

The following chapter is a version of a paper where the original text has
been formatted and some minor errors have been corrected. The paper
has been accepted for publication in:

Stehn L., 1993. Fracture toughness and crack growth of brackish ice
using chevron notched specimens, Journal of Glaciology
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Chapter 2

Fracture of brackish ice

2.1 Abstract

Field test equipment called FIFT (a Field Instrument for Frac-
ture toughness Tests on ice) was used in both field and laboratory
fracture toughness tests on brackish sea ice from the Gulf of Both-
nia. 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, @. = 20ms™,
albeit with a large standard deviation. The results*indicate that
critical crack (crack jumping) growth occurs. The apparent frac-
ture 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 yield-
ing requirements in terms of notch sensitivity and brittleness. The
linearity of the load versus crack opening displacement curves to-
gether 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.

13



14 2.2 Introduction

2.2 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 et al. (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 laboratory grown and naturally occurring ice. A survey of recent
fracture toughness tests on sea ice is summarized in 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) demonstrates that a crack in ice can
remain atomically (mathematically) sharp and that cracks do not
extend slowly through creep. Dempsey et al. (1990) and DeFranco
et al. (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
upon 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 is stated in ASTM E399 (1985) and requires a large crack
length compared with the grain size. However, for cracks compa-

1The considerable scatter for the fracture toughness found in the literature
is not unexpected since different loading rates, temperatures, grain sizes, crack
orientations 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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rable 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 fulfills the requirements for
LEFM. Thus, the geometrical dimensions of the test specimen must
be large enough to be notch sensitive. In this context the geometry
is considered notch sensitive 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 expe-
rience a strength failure instead of an LEFM type fracture failure,
and is referred to an notch insensitive, Dempsey et al. (1992).

The specimen selected for this study is the Short Rod Chevron
Notched (SRCN) specimen, see Figure 2.1. The apparent fracture
toughness, Kg,2 for chevron notched specimens in general, herein
the SRCN specimen, is determined from a quasi-statically growing
macro crack. An initial crack of length a, 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 quasi-stable crack growth will
produce a sharp macro crack. Unstable crack growth occurs at the
maximum load corresponding to a critical crack length, a., which
is a function of the specimen geometry alone®. Thus, the SRCN
specimen appears to be well suited for obtaining near K. 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 K. is possible. The stable
crack growth characteristic of sea ice and freshwater ice is desirable
for a number of reasons: it permits the crack-growth resistance, R,

2Due to the lack of a-fracture toughness testing standard for ice, the notation
K¢ 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).

30nly for materials with flat crack-growth resistance curves, R-curves, does
the maximum load correspond to the critical crack length a.. For materials
with rising R-curves, maximum load do not occur coincidently at a..
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to be determined as a function of crack velocity, @, and amount of
crack growth, Aa; it permits the design of controlled experiments;
it permits the toughening effect of the microstructure on the crack
growth to be determined and it permits the evaluation of the crit-
ical energy release rate, Gj.. Crack stability and growth on ice
have only lately received any attention (Parsons et al., 1988 and
1989, DeFranco and Dempsey, 1990 and 1991). Controlled crack
propagation may often be achieved simply by the choice of the ap-
propriate specimen geometry. The SRCN specimen is known to
promote quasi-stable crack growth which is also clear from enery
balance calculations. From this discussion, the SRCN concept is
felt to be especially suitable for fracture studies on ice. Three main
conclusions can be made:

e 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.

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

o 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
quasi-static 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 con-
clusions in mind) of a test system called FIFT (a Field Instrument
for Fracture toughness Tests on ice) using the SRCN specimen ge-
ometry; the crack growth stability and velocity; a minimum spec-
imen size criterion parallel to Dempsey (1989) 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.
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The standard ISRM specimen size is
B = 0.69W = 2.08a,
0 =273

e

Figure 2.1: The Short Rod Chevron Notched, SRCN, specimen
geometry with standard configuration according to ISRM (1988).

2.3 SRCN Specimen geometry and
calibration

The SRCN with basic notation is shown in Figure 2.1. 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 uncracked geometry. The mode I energy
release rate, Gy is given by

2
G =9 2.1)

where C is the elastic compliance (6/F) and ép the load-point
displacement and b the trapezoidal crack front width which for a
given dimensionless crack length, a = a/W, (a is the crack length)
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is given by b = B[(a—a,)/(1 —a,)]. Accordingly, rearrangement of
equation (2.1) in terms of the linear elastic stress intensity factor,
K} = GFE', to obtain the shape function gives

10C1-0,1"" K,BYW
=—F (2.2)

Ysp = [-—

20aa-—a,

Here, C is the dimensionless compliance, C = CE'B, where E' is
the effective elastic modules = E for plane stress, = E/(1 — v?) for
plane strain. For a sufficiently brittle material the stress intensity
factor attains its critical value when the load reaches a maximum:
Foaz at Ysp = Youn(W/B, a., a,) where o, is the dimensionless crit-
ical crack length.

= —B{-:;—';-“_I-;—Ymm(W/B, ac, ) (2.3)

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 found
in Bubsey et al. (1982) and Shannon et al. (1982) and in Matsuki et
al. (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 Ay/B = 0.27, 0.54 and 0.81. The crack length
was increased in steps so that Aa =~ 0.05 for a, < 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.

It became clear that both Y,,,, and a, are rather insensitive to
variations in Az /B. The maximum deviation in Y,,,,, compared to
the ISRM standard, was found to be about 1.5%, which is negligible
compared with the uncertainties 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 et al. (1991).

The curve that best fitted the compliance data plotted in Figure

Kq
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03 05 07 09
a=a/W

Figure 2.2: Experimental load-point compliance for A;/B = 0.27
plotted in a InC versus a curve.
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2.2 was to be: ) , \
CSR = e(25.080-—45.37a +29.940°) (2 4)

Thus, Ysr using FIFT may be calculated according to equation
(2.2) as

Ysr = [Csr(12.54 — 45.37a + 44.910%)(1 — a,)/(a — a,)|Y? (2.5)

The critical crack length a, is found by interpolating and extrap-
olating the values from Shannon et al. (1982), see Stehn (1990).
Using the technique in OQuchterlony (1985), this results in:

ae = 0.570(1 — 0.068“’?"' + 0.636A;°) (2.6)
where, for the variations in W and a,, we have:
LA DT S TS . (2.7)
B B B

The initial dimensionless compliance, C, when a = ay, is given by
Ouchterlony (1989b)

G, = 84.5(1 + 2.901%;'-3 + 2.527(% —0.012)) (2.8)
where t is the chevron notch thickness. The elastic modules when

bending the specimen material is thus given by:

A

C,

L
E—Co

(2.9)

where C, is the initial tangent slope in a (F' — éf) plot.

2.4 FIFT- A field instrument for
fracture toughness tests on ice

A complete facility for fracture toughness testing on ice should con-
tain two separate parts: A laboratory test facility and field test
equipment. An in-situ test can never give more accurate results
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than the laboratory counterpart. However, ice engineering prob-
lems require real ice properties measured in the field. In line with
that developed by Fransson et al. (1989a) and (1989b), a field in-
strument for fracture toughness tests on ice has been developed,
Stehn and Fransson (1989) and Stehn (1990). The key design re-
quirements for FIFT were:

o 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.

o 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 favourable to stable crack growth.

The design of FIFT is shown in Figure 2.3. FIFT has two ba-
sic components: a field instrument and a data acquisition sys-
tem. 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 sensi-
tive equipment (amplifier, data acquisition unit and the batterys)
is placed inside an insulated box that is heated with a simple chem-
ical 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 shaded,
circular, area in Figure 2.1. 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 Nm and
rotates at 1100 revolutions per minute. This is powerful enough for
the loading rate to be fairly constant at around 200Ns~!. The
load is measured directly via a small 1000 N load cell (Kyowa LM-
100KA).

Several tests have been performed in cold rooms to check the
reliability of the instrument. The cushion is designed to sustain very
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laser welded

. LOAD
- o CUSHION

‘Width 6mm

‘Wall thickness 0.5mm,

d 20mm

> —_
nan ni'.\'u' \'“'\' ‘x\'t" D

M an

Compressing fluid of anti-
freezing mixture (water and
glycol)

Figure 2.3: Layout of FIFT: General outline, detail of loading ar-

rangement and detail of cushion.
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Figure 2.4: Vertical thin section photographed between crossed po-
laroids.

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.

2.5 Experimental procedure and
test results

These fracture tests were conducted on ice from the Gulf of Bothnia
on three separate occasions, February to March of 1988, April of
1990 and January to April of 1991. The ice from 1988 was used in
preliminary FIFT tests. The grain structure of the ice was deter-
mined from thin vertical and horizontal sections. The structure was
found to be predominantly granular, with layers of columnar ice 15-
20 cm apart, see Figure 2.4. 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 2.1, had grown under calm conditions and
consisted of very large columnar grains.
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The specimens were made from cores with a diameter of 193
mm. The SRCN specimen slot with its chevron notch was ma-
chined with a band saw and a milling machine. In the field, the
specimens were manufactured with a hand held saw and milling ma-
chine. 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 ranged from 1.6 to
nearly 100 mm. The ice was rather porous as demonstrated by
the average densities of 87547 kgm™3 at -1°C for series 1, 883+22
kgm™3 at -5°C for series 2, 88345 kgm™2 at -3°C for series 3 and
894+9 kgm™2 at -10°C for series 4-6. The temperatures during the
tests varied between -10°C and -1.5°C. Loading rates were difficult
to estimate, but the time to fracture ranged from 0.7 to 3.8 seconds.

After testing, the dimensions of the specimens were measured
and each specimen was carefully examined. The temperature was
measured immediately after the test in a small hole drilled into
the specimen approximately at a.. With the exception of no. 1.2
and 3.6 the specimens cracked along the chevron notch. In the
above mentioned tests, a transverse failure occurred before a proper
evaluation of the fracture toughness could be made. This appears
as a broken arm where the crack had veered of from the chevron
plane and out into the arm. Quchterlony (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 inter-
esting 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 evidences of conchoidal brittle fracture.
The lower part of the chevron notch evidenced 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 mecha-
nism of continuous cleavage fracture, in other words through the
mechanism of irregular brittle crack growth (crack jumping). This
behavior has been observed on freshwater ice and cold saline ice
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(see introduction). It is recognized that these observations are only
based on what could be detected visually.

The 6 was measured, in some tests in series 1 and 2, with
two Linear Variable Displacement Transducers (LVDTs). In series
6, 6F 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 DARTEC
testing machine in series with a 386SX microcomputer. Data was
received at the rate of 300 readings per second. The load and éf
versus time and the load versus 6z results for test no. 6.2 are shown
in Figure 2.5. The crack growth commences at the distinct change
of slope, for both F and éf , as shown in Figure 2.5(a). This is a
typical feature of all (F'— éF) records, where in some cases evidence
of non-linear processes appeared as a non-linear slope after the crack
initiation. Figure 2.5(b) also shows crack initiation in more detail.

The experimental results from the 42 fracture tests are sum-
marized in Table 2.1 and Table 2.2. Each test is identified by a
group and a sequence number followed by an a./d,, ratio, i.e., crit-
ical crack length/average grain size. S is the salinity deduced from
measured melt water conductivity at 20°C, T is the test tempera-
ture, F,,,. is identified as the maximum load from load versus time
records, ; is the time to failure. In Table 2.2 FE is the effective
elastic modulus in bending based on the initial compliance. Gy,
the energy release rate, is calculated according to equation (2.1)
and Gq = K3/E 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 G/,
and Gq (Table 2.2) indicate that this low saline granular ice is quite
isotropic and homogeneous and the selected specimen size was prob-
ably large enough, compared to the relatively small average grain
size, not to contribute to the scatter.

Figure 2.6 shows the apparent fracture toughness versus the
temperature. Figure 2.7 shows the apparent fracture toughness
versus the average grain size. In the Figure we see that Kg is rising
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Figure 2.5: (a) F and & versus time, and (b) (F — §F) record for

test no. 6.2.
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no. | ac/day S T | Fnaz | £ I Kq
(mm/mm) (ept) | (-°C) | (N) | (s) | (kPay/m)
1.1 | 199/2.79=T74 0.12 5.0 287.0] 2.0 98
1.2 | 163/1.79=96 0.14 5.0 | 208.0 | 2.3 64
1.3 | 198/3.79=>54 0.08 5.013298 |19 112
14 | 194/2.99=67 0.07 5.0 1 299.7 | 2.0 103
15 | 192/3.09=64 0.09 5.0 3254 | 2.0 108
1.6 | 186/- 0.08 7513394 | 1.7 97
1.7 | 175/- 0.23 751 309.0 | 1.6 88
1.8 | 198/- 0.33 7512413 | 23 70
2.1 | 175/4.69=38 0.22 10012944 | 14 87
2.2 | 169/3.39=41 0.22 10.0 | 273.2 | 2.8 95
2.3 | 177/3.99=45 0.31 10.0 | 266.3 | 1.5 73
24 | 171/4.49=39 0.24 100 | 246.6 | 1.4 85
3.1 | 178/1.99=94 0.11 5.1 2542 |12 73
3.2 | 183/1.99=96 0.30 4111789113 54
3.3 | 185/3.39=56 0.05 3.8 357.2 | 22 107
3.4 | 203/2.0°=102 | 0.17 4.1 | 2576 | 1.7 80
3.5 | 178/3.49=52 0.31 3811927115 55
3.6 | 197/1.49=141 | 0.12 42| 606 | 2.3 21
3.7 | 179/2.89=64 0.15 43| 284.2 1.2 82
3.8 | 176/1.89=98 0.22 351672 |15 48
3.9 | 181/3.39=55 0.13 323286 | 1.8 94
3.10 | 179/1.99=94 0.31 38117201 13 53
3.11 | 180/1.65=112 | 0.41 42| 1180 1.2 33
3.12 | 181/2.09=90 0.38 2111529112 46
4.1 | 167/3.39=>51 0.02 2.0 | 408.8 | 1.5 137
4.2 | 155/4.39=36 0.01 29| 588.2]1.6 143
4.3 | 173/19.8°=9 0.06 5313506 |18 112
44 | 168/22.2°=8 0.09 3414818 | 2.0 153
45 | 167/30.0°=6 0.02 3.4 15038 | 2.1 168
4.6 | 159/17.5°=9 0.02 2913499118 103
4.7 | 160/10.8°=15 | 0.12 471301114 84
4.8 | 167/6.49=26 0.08 1213752 ] 1.2 112
5.1 | 157/52.9°=3 0.05 8914825 ] 1.2 127
- 5.2 | 163/4.79=35 0.11 9.0 1 369.7 ] 1.0 111
5.3 | 158/90™c=2 0.20 9.01] 304913 83
5.4 | 154/100™m<=2 | 0.04 9.0 | 276.8 | 0.7 72
6.1 | 158/2.79=59 0.04 10.0 | 4756 | 14 136
6.2 | 155/2.79=57 0.04 100 | 3165 | 1.4 83
6.3 | 155/3.19=50 0.10 10.0 | 356.3 | 3.0 99
6.4 | 153/2.89=>55 0.04 10.0 | 3135 | 3.8 73
6.5 | 152/2.19=T72 0.02 10.0 | 5164 | 1.0 124
6.6 | 1562/3.49=45 0.04 10.0 | 3778 | 1.5 88

Table 2.1: Test data and results for sea ice SRCN specimens. Notes:

(g) granular; (c)columnar; (mc) monocrystal.
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Figure 2.6: Apparent fracture toughness versus temperature.
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Figure 2.7: Apparent fracture toughness versus average grain size.



Chapter 2 Fracture of brackish ice 29

no.| E | Gr./Gq
(GPa) | (Jm~?)
11| 59 | 1.2/16
12| 38 | 06/1.1
13| 76 | 1.2/16
14| 53 | 14/20
21| 64 | 06/12
22| 61 | 08/15
23| 54 | 06/1.0
24| 87 | 05/08
61| 31 | 4.1/60
62| 42 | 14/16
6.3 7.6 1.0/1.3
64| 33 | 20/16
65| 7.3 | 24/21
66| 40 | 25/19

Table 2.2: Test results for sea ice SRCN specimens.

to a maximum and then subsequently decreasing as d,, increases.
Dempsey and Wei (1989) discussed this type of grain size depen-
dence for ice and Rice et al. (1978) for non-cubic ceramics. The
break point is indicated to depend on a crystal structure-thermal
expansion and strain mismatch effect.

2.6 Stable crack growth

Various parameters affect crack growth: method of loading (dis-
placement or stroke control), loading rate, specimen geometry (re-
flected 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 and 1991, and Parsons et al., 1988 and 1989) on both fresh
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 exten-
sion may be tracked visually. Unstable crack propagation is asso-
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ciated with an abrupt load drop at fracture, and that 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 con-
ditions, 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 sim-
plified dynamic energy rate balance presupposes 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 un-
der continuous quasi-static conditions. The requirements for stable
crack growth may thus be formulated as:

0H oG OR &H

G-—R-I-'a—z and -a—A-—m'l"a?

where A denotes the crack area and H the specimen’s kinetic energy.

For quasi-static cracking the rate of change in the specimen’s kinetic
energy (0H/0A)=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 9R/0Aa negative characteristics of ice.
By the use of equation (2.1), differentiated with respect to A, and
equation (2.10), the normalized gsf for a displacement controlled
test on the SRCN geometry is:

(2.10)

2 = Aya.2 A
54 J Fowm, ) e — 2L — glwn o, )
(2.11)
where
w, 1-— Qo W
fo= (;)2a—aa e
W (1= a)3(2a — a,)(3a — a,)

9= (B )a(a — a,)[(e— a,)(1 — @) + a(a — a,)?)? (2.12)

The third term on the right hand side of equation (2.11) arises from
the effect of the increasing crack front length with crack growth.
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Figure 2.8: Normalized gsf’s versus a.

The above concept has been used both for the Double Torsion (DT)
specimen, Parson et al. (1989), and for the Reverse Tapered Crack
Line Wedge Loaded (RTCLWL) geometry developed by DeFranco
and Dempsey (1991)*. Figure 2.8 shows a plot of the normalized
gsf's for the DT, RTCLWL and SRCN, cf. DeFranco and Dempsey
(1991). It is instructive to note that the geometry of every specimen
shows negative gsf’s for all crack lengths. The RTCLW 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,

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 widths). The original gsf
equations for the DT and RTCLWL specimens, presented in Figure 2.8, was
multiplied with the ratio (W/b). With this alternative formulation it is readily
discerned that a thin specimen promotes crack growth stability
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then in a displacement controlled test é6F = SF -t and F = F(éF).
If the compliance is differentiated under the conditions of steady-
state crack growth and the assumption that crack length a increases
monotonically with ér, the result is:

. a. 0C
C= _(1 F) WBE da

(2.13)

Hence by using F' = F,,,, according to equation (2.3), the estimated
crack velocity for the SRCN specimen can be written as:

Ymm E \/_ oF

= — C)é 2.14
a 3C/3a KQ ( 96r )F ( )

It is important to note that the (F — éF) plot is of paramount im-
portance since E, 0F/06r and éF directly relies upon it. F/déf
is taken as the slope immediately prior to the maximum load. This
simplification is reasonable since the critical toughness value is rep-
resentative in a relatively wide region around the load maximum.
Another simplification is to assume a smooth load mazimum imply-
ing that 0F/08r = 0 at F = Fy,;. This yields an estimated crack

velocity as:
o mtn E V
ae =
dCloa Kq

A smooth load maximum did not occur in any of the tests, as is
evident from the typical test displayed in Figure 2.5. 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 en-
ergy, is given by Gurney and Ngan (1971). They set up a criterion
for stability where only 5% of the stored strain energy is trans-
formed into the kinetic energy of the specimen. By using equation
(2.10) and the simple one-dimensional SRCN beam theory model
in Stehn (1992) recalculated according to equation (2.10), a crack
velocity when kinetic energy is not negligible is calculated as:

bp (2.15)

ax ~ 0.64c (2.16)
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# oF . A
(mms~?) | (ms?) | (%)
1.1 10 9 0.5
1.2 14 30 2.2
13 15 § 12 0.6
14 12 9 0.6
2.1 19 37 2.2
2.2 6 10 0.6
2.3 18 31 1.9
24 6 16 0.8
6.1 23 23 1.9
6.2 12 19 1.3
6.3 3 7 0.4
6.4 30 39 3.2
6.5 11 20 1.1
6.6 9 15 1.1

Table 2.3: Estimated crack velocities.

where ¢ = (E/p)"/? is the speed of a longitudinal wave in the ice
beam. An actual crack velocity can thus be compared with ag to
determine if 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 (2.14), and A, the percentage of the crack speed
going into kinetic energy, i.e., d@./ay, are given in Table 2.3.

The values in the Table for crack velocity exhibits a large vari-
ability, something not uncommon for ice parameters. The average
value for crack velocity is found to be @, = 20ms™' + 11. Parsons
et al. (1987) also obtained a velocity of approximately 20 ms™!
measured on first year sea ice double cantilever beams. By the
Gurney and Ngan definition it is clear that stable crack propaga-
tion is occurring. A multiple regression analysis performed on the
data revealed that ér had the greatest influence on crack veloc-
ity, which, in view of the theoretical work by Sigl (1991) on brittle
solids, should be the case. The experimental values are presented
in Figure 2.9 as K versus estimated crack velocity. The scatter in
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Figure 2.9: Apparent fracture toughness versus estimated crack
velocity.
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the Figure is substantial.

2.7 Porosity effects on fracture
toughness

Pores in ice, as in other brittle materials, may affect the mechan-
ical 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 lighted 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- 4mm, and 5-
20 mm apart. However, sometimes the air bubbles were arrayed in
vertical bubble pipes (typically 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 substructure of sea ice shows pure ice platelets, about 0.5 mm
thick, separated by layers of brine pockets. The important influ-
ence of the substructure of saline ice is shown by DeFranco et al.
(1991). For cold (-25°C) saline ice SENB tests using 4-pt bending,
the observed fracture developed, in most of the cases, parallel to
the long directions of the ice platelets.

The influence of porosity on cold, columnar, sea ice reported
to date is mentioned in the works by Vaudery (1977), Timco and
Frederking (1982) and Urabe et al. (1980) and is shown in Figure
2.10(b). )

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 ac-
tual solid area fractured. This approach® results in the non-linear
porosity dependent fracture toughness given by Rice (1977) in the
following form, Kgp = Koe ™V, where Kqp is the apparent porous
fracture toughness, K is the toughness for zero porosity, ¥, and

SModels by Kristic and Erickson (1987), Goldstein and Osipenko (1991)
that assumes that the pores act as flaws, were tested but were discarded due
to the physical assumptions they required.
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m is an empirical exponent which depends on pore location, shape
and size. Knudsen (1959) found that experiments on porous alu-
minum, steel and iron follow this type of relationship, and the same
is indicated by Rice et al. (1978) for various ceramics.

A reasonable assumption is that for warm, spring, sea ice, pore
shapes are (air) spheres and (brine) cylinders. Following the discus-
sion in Brown et al. (1964), a composite m ~value can be calculated
where the contribution made by the two pore types is incorporated,
see also Rice et al. (1978) and Stehn (1990). For each specimen,
calculations of relative air and brine volume, V}, were carried out
using the equations in Cox and Weeks (1982). Due to the distribu-
tion 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
m, = 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:

Kqp = Koe %" (2.17)

The resulting curve is plotted in Figure 2.10(a), where Ko = 119kPa
is determined from a regression analysis based on equation (2.17).

Evidently the experimental results are very well described by
the theoretical relationship. The exponent m, is related to the
porosity characteristics. The numerical value found is interesting
since Rice (1977) shows that m values in the range of 0.1 to 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 V, = 18 ppt the
model predicts zero strength.
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2.8 Notch sensitivity

According to Dempsey (1989) many of the previous studies on both
fresh and sea ice have used sub-sized specimens that are notch in-
sensitive. 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 spec-
imen size. This approach provides a tool for a similar derivation
for the SRCN specimen.

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

Froz
ON = WB ZSR(ao,ac) (218)

Strictly a. = a.(a,) but for a,=0.570

(a? —1.98a, + 0.83)
Zsr 7 2.
= 35. (o — 1.620, + 0.64) (2.19)
The ratio of oy to the tensile strength, o; becomes:
o Ko Z
T =—2 3R _ g, .Cysr (2.20)

o oW Ysr

where Cnsgr(a,) is an SRCN geometry function. It is useful to
note that (s is related to the characteristic length, introduced by
Hillerborg et al. (1976), as 85 = l.u/W = E'G1./Wo?. The charac-
teristic 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 B; could be called a brittleness
number. Dempsey uses B; to propose a requisite LEFM specimen
width as on/0y <0.4. But, and it is important to note this, he
points 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.
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Figure 2.11: (a) Apparent fracture toughness versus specimen
length to transitional length (W/W,,), and (b) on/o: versus ini-
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factor.
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Following the procedure in Dempsey, Kq is plotted versus the
ratio of the actual specimen length to the transitional length® (W/W,,)
in Figure 2.11(a). The largest ratio occurs for a./d,, ~ 26-74. This
means that the appropriate initial crack length is 0.17< a,/W <0.28.
Using the above expressions, the ratio of (on/0:) is plotted versus
the ratios of the initial crack length to the specimen length (a,/W)
in Figure 2.11(b). It is clear that the specimens were sufficiently
large, i.e., notch sensitive enough, to keep the ratio on/o; below
0.4. In terms of equation (2.20) it is equivalent to requiring that:

K 2
W= 2 (25Cwsn)? (72) (2.21)

where W is the requisite LEFM size. Using the standard value of
Ysr and a,=0.332 the geometry function Cyspr=1.633. The tensile
strength for freshwater ice with d,, = 4mm = 0.9MPa, Currier and
Schulson (1982). Assuming that Kg = 100 kPam!/2, the required
specimen size for the SRCN specimen is given by:

W > 206 mm

or taking Figure 2.11(a) into account, given that the average grain
size within the largest W/W,, ratios is 4.4 mm:

W /d,, > 47 (2.22)

A clear picture depicted from Table 2.1 is that almost all, with the
exception of the large columnar grained ice tested, specimens fulfill
the size requirement stated in equation (2.22).

2.9 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

6The transitional length is the size for which if W > W,, a fracture failure
will occur. However, the requisite LEFM size is bigger than W,, due, mainly,
to the facts (B) and (C) in the introduction.
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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 representa-
tive toughness values directly. The field instrument is surprisingly
stiff, as indicated by the fracture energy tests and recent tests on
freshwater ice where irregular crack jumping was observed.

Included in the compliance calibration is also the compliance of
FIFT as C = Crrrr + Csron- It is of utmost importance to min-
imize the contribution from the loading device. As stated above,
only a 1.5% difference was detected using FIFT instead of the test
setup used on Al specimens by Bubsey et al. (1982), and Shannon
et al. (1982). Furthermore, in recent tests, a 40% increase in com-
pliance was found when calibrating FIFT on a PMMA RTCLWL
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 stiff-
ness: the housing is not perfectly sealed and the most important
fault is that the cushion expands, where 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 right hand side of equation (2.11) always is 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 -5°C while it was -10°C for series 2
and 6. Furthermore, the crack velocities presented are not measured
but calculated using equation (2.14) so because of assumptions and

- approximations these results must be regarded with caution.

The fracture toughness crack velocity dependency, i.e., greater
toughness at slower crack growth rate, found is very weak. In fact,
Figure 2.9 shows virtually no trend at all. It is therefore likely that
the dependency is a feature of the large variability of the sea ice
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parameters involved. A consequence such a rate dependency of the
toughness is that dR/da < 0.

Is the observed crack growth stable? Many different concepts
are evoked by the use of the word stable. The equation (2.16)
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 at critical
conditions, the observed growth rate is subcritical (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 = 5-10% (Pa~32s~1) acquired
from creep tests on ice from the Gulf of Bothnia and the Barents
sea into the Hui and Riedel model, a creep zone size of the order
of 10~3m is obtained. The reader immediately notes that this
is smaller than the interatomic distance of ice which makes this
estimate very uncertain. So, this may seem inconsistent at first
glance 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

"Recent creep tests, using SENB on freshwater single crystal ice, by Wei
and Dempsey (1991) show 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 hours, no crack growth was observed.
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fracture toughness values that are too large. The work reported in
this study shows a much more pronounced brine volume dependence
than that of Vaudery (1977), Urabe et al. (1980) and Timco and
Frederking (1982) on columnarice. 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 therefore
be applied to saline granular ice and not to saline columnar ice,
since the ice types differ in their fundamental crystal texture. This
would go a long way towards explaining the discrepancy in Figure
2.10(b). It might even be possible that another microstructural
parameter that is related to brine volume affects the failure process
in saline sea ice. This could be the subgrain size, which is defined as
the distance between the brine pockets. Urabe and Yositake (1981)
investigated this matter and the results in DeFranco et al. (1991)
also point in this direction.

The results presented herein support the use of on/0; < 0.4 as
a specimen size criterion. They are very interesting since they are
virtually the same as Dempsey et al. (1992), even though the tests
were performed under different conditions.The loading geometries
differed (SRCN versus SENB). The ice types and crack orientation
differed (granular brackish sea ice versus freshwater S2 ice investi-
gated for radial cracking). The temperatures differed (-1.2 to -10°C
versus -10°C). The grain sizes (1.6 to 100 mm versus 3 mm) and
the loading rates differed.
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DOCTORAL THESIS: Tensile fracture of ice

Chapter 3

Geometry effects on the
fracture of S1 ice

3.1 Abstract

Fracture toughness tests were performed on S1 type freshwater ice
to investigate if similarities exist in the local K fields for three
different fracture geometries. The ice was tested using a hand-held
loading device called the FIFT (A Field Instrument for Fracture
Toughness Tests on ice). The geometries tested were the Short Rod
Chevron Notched (SRCN) specimen, the Reverse Tapered (RT)
specimen and the Square Plate (SP) geometry. All tests were per-
formed at -4°C. The results indicate that under comparable condi-
tions (loading rate, temperature, crack orientation and propagation
direction), the apparent fracture toughness K¢ is similar for all of
the geometries. The toughness was computed assuming the initi-
ation of a stationary macrocrack from linear elastic, isotropic K
solutions. Scatter of the experimental results is accounted for in
part by the large grain size of S1 ice. However, it is important to
note that the results may be an artifact of sub-sized tests. Even
though the ice was warm, the crack extended unstably in each ex-
periment and the fracture surfaces of the split specimens showed
evidence of brittle fracture. The test geometry, had a marked in-
fluence on the character of the fracture surface.

47
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3.2 Introduction

Full-scale observations of ice-structure interactions suggest that
splitting and fracture events are most prevalent (Blanchet et al.,
1989). Global splitting or fracture has been proposed as a possible
load limiting mechanism (Blanchet, 1990). Hovewer, the condi-
tions under which fracture events occur have not been well defined.
Scale effects also make it difficult to extrapolate laboratory experi-
ments to the full-scale case. For this reason, a joint-industry-agency
project “Large-Scale Ice Fracture Experiments” was initiated in
1991 (Kennedy et al., 1993) to provide quantitative measurements
of large-scale ice fracture events. Phase 1 consisted of in-situ full
thickness lake ice fracture tests in preparation for a more thorough
set of experiments on sea ice in Phase 2. The Reverse Tapered (RT)
and Square Plate (SP) geometries studied in this paper were the
geometries tested in Phase 1 and 2, respectively.

Ice is ideal for performing in-situ fracture experiments due pri-
marily to its availability and low fracture toughness relative to con-
crete or metals. This permits the use of portable loading systems
capable of providing sufficient failure loads. An immediate con-
sequence is the ability to experimentally verify full-scale fracture
loads from laboratory size effect tests. In-line with this discussion,
a test system called the FIFT (A Field Instrument for Fracture
Toughness Tests on ice) has been developed (Stehn, 1990, 1993).
The test system operates very satisfactorily in the field. The sim-
ple test procedure (hand-held load application and data acquisition
systems) makes it possible to obtain representative toughness val-
ues directly. Motivation for this study was to jointly combine a
small-scale investigation with a large-scale program in the field. By
using a field instrument and the RT and SP specimens, the ques-
tion of the minimum laboratory specimen size to determine fracture
toughness of large-scale tests may then be addressed.

Materials such as concrete, rock, ceramics and ice have an ag-
gregate or grain size that is several orders of magnitude larger than
typical metals. Because of this inhomogeneity, these materials do
not strictly meet the assumptions of continuum mechanics unless
the volume sampled is large enough. That is, the minimum size
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of a fracture toughness specimen must be large enough to ensure
polycrystalline behavior. Because ice has such a large grain size,
the effects of the specimen shape must also be investigated along
with specimen size and notch sensitivity effects (Dempsey, 1991;
Dempsey et al., 1992 and Parsons et al., 1993) Within the con-
straints of Linear Elastic Fracture Mechanics (LEFM), cracks in two
bodies of the same material, but of different configurations, should
initiate at a same value of the critical stress-intensity—factor (frac-
ture toughness). This implies that the stress-intensity- factor may
rationally be regarded as a similitude parameter for the in—plane
crack tip stress fields. Therefore, this paper investigates whether
similarities exist in the local K7 fields for laboratory scale ice spec-
imens fabricated using three different fracture geometries; these
geometries are described in the next section. The geometry effect
on the apparent fracture toughness, Kgq, at initiation of a station-
ary macrocrack was examined on warm (- 4°C) S1 type freshwater
ice. The active fracture mechanisms for each specimen type were
studied from photographs of the fracture surfaces.

3.3 Loading device and
specimen geometries

Field test equipment called the FIFT was used in the fracture
toughness tests. The loading device consists of a hydraulic piston
that is fitted into a groove in a specimen. The piston is expanded
by compressing a column of fluid with a threaded piston which itself
is driven by a hand-held electric drill. The expansion creates the
opening load. The load is measured directly by a 1000 N load-cell
mounted in the cylinder housing the piston.

The FIFT has previously been calibrated for the Short Rod
Chevron Notched (SRCN) specimen and was in this work calibrated
for the (RT) and (SP) geometries. In other words, the load-line
crack opening displacement, 677.p, was determined in terms of the
specimen compliance C(a) (ézp = FC(a)) for a wide range of
crack lengths a using polypropylene. This, in turn, gives the rele-
vant expressions for the stress—intensity—factor, Kj(a).
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In this study LEFM relations were used to calculate the appar-
ent fracture toughness. For each geometry, the ratio of specimen
depth to average grain size W/d,, (refer to Table 3.1) was chosen
as large as possible to satisfy criteria set forth in Dempsey (1991)
so that notch sensitivity was ensured. In the context of notch sensi-
tivity, an analysis using the LEFM approach is valid provided that:
a fracture failure occurs, and that the length of the crack and the
uncracked ligament are large in comparison with the grain size, and
that the specimen size is many times the size of the crack tip energy
dissipation zone (process zone).

The shape function for the SRCN can be found in Stehn (1993).
The geometry was thoroughly investigated and the K;-expression
arises from a full FIFT calibration on polypropylene SRCN speci-
mens. At fracture initiation, the apparent fracture toughness is

Ko

D\/_YSR(W/D y Q@ ao) (3.1)

where D is the diameter, W the specimen length, F; the (macro)crack
initiation load and a the relative crack length, @ = a/W. For
W/D = 1.45, Ysg is given as (Stehn, 1993):

Ysr = [Csné °‘°)) (12.54 — 45.37a + 44.910%)]*/? (3.2a)

2 3
Csn = ¢(25.08c — 45.37a” + 29.94c") (3.2b)

The value of the relative crack length at fracture initiation is not
obvious. Because of the negative energy-release-rate with crack
extension dG/0a behavior, a period of stable crack growth is gen-
erated in quasi brittle materials such as rock and concrete under
increasing load before the point when o = a is reached at which the
toughness (for a quasi statically growing macrocrack) is evaluated.
For a material with a flat R- curve, . is a unique value occur-
ring for a minima in Y at the maximum load F,,.. In this paper,
the apparent fracture toughness at the initiation of a macrocrack is
sought. The load at initiation, F;, is not necessarily equal to F,.z;
in fact often F,,; > F, as shown in Figure 3.6(a). For a chevron
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Figure 3.1: Schematic showing the (a) Short Rod Chevron Notched
(SRCN), (b) Reverse Tapered (RT), and (c) Square Plate (SP)

specimens for the apparent fracture toughness measurements.



52 3.3 Loading device and specimen geometries

notched geometry it is important to note that a stress-intensity-
factor is not defined at a = a, due to the sharp apex of the notch,
see Figure 3.1(a). Therefore, the load at the second abrupt load
drop (crack initiation event) is used as the F;, cf. Figure 3.6(a).
The first crack initiation event corresponds to the load to generate
an initial crack front width 6. However, no direct measurements on
the corresponding crack length were made. Instead, o is estimated
as (ac+a,)/2. This is the approximate inflection point of the Y vs.
a curve where gradually more positive dG/0a specimen behavior
contradicts stable propagation. The reader is referred to e.g. Mai
and Atkins (1980) and DeFranco and Dempsey (1993) for details
on crack growth stability.

In order to determine the K;—expressions, linear elastic compli-
ance measurements (C(a) = éL.p/F) were performed on RT and
SP specimens made of PMMA (polymethylmethacrylate). The di-
mensions of the compliance specimens are shown in Figure 3.2. The
crack length was increased in increments to simulate the advancing
crack. This was achieved by a band saw in steps of Aa =~ 0.05 for
0.2 < a < 0.75 for the RT specimen and 0.2 < a < 0.8 for the SP
specimen. To increase confidence in the compliance measurements
(reciprocal slope of the linear load-deflection curve), averages of
two different load cycles with zero to peak loading times of approx-
imately 6 seconds were made at each crack length. The specimens
were thus calibrated for the FIFT, the experiments were performed
at -5°C.

The curve that best fit the compliance data plotted in Figure
3.2 for the RT was:

102

Crr = [8.45111[(1 _ o) - 00 204

=) + (=a) + 8.66
(3.3)
where ¢ is the specimen thickness (also the crack front width) and
E' is the effective elastic modulus (3.93 GPa for PMMA, Dempsey
et al., 1989). The compliance for the SP was similarly found by a
least squares curve fit to be:
1214+ a

Csp:ﬁ l—a

2
] (0.14—0.55a+1.240% —2.86a*+2.23¢°) (3.4)
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The form of equation (3.3) is similar to that presented in Mai et al.
(1975) and equation (3.4) with that in Murakami (1987). Through
the Mode I LEFM energy-release-rate relationship

F?8C K?

Gr=1% =&

(3.5)

K expressions were derived using the derivatives of equation (3.3)
and equation (3.4). For the RT and SP geometries

_ F, Y(wn,0)
T W (1)
for W/H = 0.45 (RT) and W/H = 0.93 (SP)

(3.6)

Yar = 5V2[8.45(1 — a)? — 10.90(1 — a) + 4.08]'/2  (3.7)
Ysp = 5[(1+ @)(0.02+ 0.56c + 11.020% — 27.840° —
—0.58a* + 40.720° — 22.30a°)]*/?  (3.8)

3.4 Experimental procedure

Freshwater ice cores and two ice blocks (500x500x450 mm?®) were
collected from a pond formed in an abandoned limestone quarry,
near Clarkson University, Potsdam, N.Y., during February, 1992.
The average ice thickness was 450 mm. An interesting feature of
this ice was found in each core and block: at approximately 200
mm from the ice surface a 50 mm thick bubble layer existed. The
small bubbles were evenly distributed and made the ice opaque. At
this location the ice was evidently saturated with air bubbles and
air channels (Frannson and Stehn, 1993) but what caused this is
unclear. This layer had some influence on the apparent fracture
toughness of the ice, as is discussed later. The very warm ice pieces
(air temperature +0°C) were wrapped in plastic, transported to a
cold room at Clarkson and stored at -15°C to -20°C for between
one and two months.

The non-turbulent waters of the pond had produced macrocrys-
talline S1 ice, as defined by Michel and Ramseier (1971), composed
of irregularly shaped columnar crystals with vertical or near-vertical



54 3.4 Experimental procedure
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Figure 3.2: Dimensions of PMMA specimens and experimental elas-
tic load-line compliance values plotted as compliance versus relative

crack length.
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c-axis orientation. The grain size showed an increase with depth,
from 6.8+0.7 mm at the top (below the approximately 70 mm thick
fine grained snow-ice layer) to 10.8+1.6 mm near the bottom. The
columnar macro crystalline feature of the natural S1 ice is presented
in Figure 3.3 which shows both (a) vertical and (b,c) horizontal thin
sections.

The c-axis orientation of three different cores was measured at
three different depths from horizontal thin sections using a Rigsby
universal stage. A stereographic projection at each level of these
c-axes are shown in Figure 3.4. The first level was approximately
50-70 mm from the top (99 grains measured), the second 120-160
mm from the top (95 grains) and the third was located 180 mm from
the top (35 grains). In the first level 73 % of the grains were found
to be vertical or near-vertical (to within 20 degrees inclination of
the c-axis from vertical), in the second level 87 % (to within less
than 15 degrees) and in the third level 97 %. Thus, it is evident
that the c-axis of most grains was randomly and vertically or near-
vertically oriented which is, by definition, S1 type ice.

The density was measured at approximately the same levels as
the c-axis measurements by recording the mass of a known volume.
The mass was measured on a digital scale with an accuracy of 0.1
g and volume was measured using digital calipers accurate to 0.01
mm. The average density was 906 £10 kgm™ at -16°C.

The length and chevron angle for the SRCN specimen was formed
by a band saw. The RT and SP specimens were cut from two
ice blocks with a chain—saw and made parallel by a planer. Each
RT and SP specimen was formed to final dimensions using a band
saw. Just prior to each test, the initial crack length was cut us-
ing a band saw. Each finished SRCN specimen had a diameter of
198 mm and each RT and SP specimen was approximately 46 mm
thick (Table 3.1). The crack orientation and propagation direction
were kept perpendicular to the plane of the ice sheet, i.e., a vertical
crack propagating vertically downwards in the direction of crystal
growth. In this manner, K§" (Stehn et al., 1993a) values are ob-
tained. The crack initiation depth for the different specimens varied
between 130 and 160 mm from the top surface of the ice sheet.

A sharp crack was introduced in each specimen immediately
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Figure 3.3: Macro structure of the S1 pond ice: (a) vertical thin
section. Horizontal thin sections: (b) near the top, and (c) near
the bottom.
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(a)

(c)

Figure 3.4: Stereographic projection of the c-axes orientation of
nine horizontal thin sections: (a) 50-70 mm from the top, (b) 120-
160 mm from the top, and (c) 180 mm from the top. A plot in the
center indicates a vertical c-axis.
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prior to the testing by scribing the band saw cut notch with a razor
blade (Wei et al., 1991). This created a sharp, short crack with a
wavy front. For the SRCN the sharp crack was created approxi-
mately 20 minutes prior to the test by scribing the notch with a
fine tooth saw-blade. The crack tip opening displacements CTODs
and crack opening displacements CODs were measured during the
fracture experiments using a procedure similar to that described by
Wei et al. (1991), in which the error estimates using this technique
can be found. A Kaman KD-2810-1U non-contacting displacement
gauge (measuring range 25 + 0.025um) was frozen onto the speci-
men surface ahead of the notch and a Kaman KD-2310-1U measur-
ing the CODs (measuring range 1000 & 0.1pm) was attached at 27
(SRCN), 70 (RT) and 72 (SP) mm from the front face, see Figure
3.1(a—c). The load line displacements §;.p were measured using an
crack opening displacement extensiometer.

All specimens were machined at between -15 and -27°C and
were stored at the test temperature, -4°C, for at least 24 hours
before testing. The tests were performed using the FIFT. Output
signals from the transducers and the FIFT load—cell were processed
by a Keithly Series 500 analog-to-digital converter connected to a
Gateway 2000 model 486/33 microcomputer. Data sampling rates
of 600 to 1000 Hz were used depending upon the estimated time to
failure.

3.5 Result and discussion

The results of the 22 fracture tests together with specimen size
data are presented in Table 3.1. The apparent fracture toughness,
K g V. was computed using F,, the crack initiation load, and equa-
tion (3.1) and equation (3.6); the effective elastic modulus was
calculated using the initial linear part of the F' — érrp curves
and equations equation (3.3) and equation (3.4) and equation (8)
in Stehn (1993). The crack tip opening displacement at fracture
6. = CTOD,, was also measured. The time to failure, t;, ranged
from 0.5 to 3.2 seconds resulting in a stress-intensity rate K of 50
to 370 kPa {/ms™!. There was no apparent dependence of I{g V on
ts. All testing was performed at -4 °C.
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W/day

Test | H(or)D/W/t| ao/W | ao/day | 1y KgY E 5.
# (mm) b/day | (s) | (kPay/m) | (GPa) | (um)
SRCN1 | 198/285/- | 0.37 2.6 174 - -
SRCH2 | 198/285/- | 0.35 - 152 - -
SRCN3 | 198/282/- | 0.36 3.2 201 6.8 33
SRCN4 | 198/287/- | 0.36 36 |26 306 6.7 13
SRCN5 | 198/286/- | 0.35 13 |18 127 4.0 10
SRCN6 | 198/286/- | 0.36 | 4 |23 194 9.0 16
SRCH7 | 198/286/- | 0.37 18 138 5.9 11
SRCHS | 198/284/- | 0.36 14 277 5.9 16
SRCN9 | 198/284/- | 0.36 1.0 104 6.8 11
RT1 | 529/237/52 | 0.40 13 117 - -
RT2 | 525/238/44 | 0.41 12 140 9.2 5
RT3 | 530/238/46 | 0.41 30 |24 141 5.7 6
RT4 | 532/241/46 | 0.41 13 |05 139 2.1 6
RT5 | 525/235/46 | 0.41 6 |06 142 6.0 3
RT6 | 528/238/51 | 0.41 1.2 145 7.4 7
RT7 | 530/238/51 | 0.42 1.2 161 5.3 7
SP1 | 390/362/41 | 0.41 14 168 11.2 6
SP2 | 391/364/40 | 0.40 43 |16 170 7.8 8
SP3 | 391/364/43 | 0.41 17 | - 146 - -
SP4 | 387/360/49 | 0.40 5 |14 129 7.4 4
SP5 | 367/352/43 | 0.40 0.6 224 7.1 5
SP6 | 379/352/46 | 0.40 0.7 189 6.8 2

6c = bypyc for the SRCN specimen.

Note: b= crack front width; d,,= average grain size;

Table 3.1: Experimental Data and Results.
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Specimen Kg¥ E IR
type | (kPaym) | (GPa) (pm)
T On-1 T On—-1 T 0 n—1
SRCN |18 68 |64 2 |16 8
RT 141 13 |60 2 6 2
SP 171 33 |81 2 5 2

Note: T = group mean value; 0,—_; = standard deviation

Table 3.2: Summary of test results.

Immediately obvious from these results, as can be observed in
Table 3.2, is that the apparent fracture toughness is in relatively
close agreement for the three fracture geometries tested. For com-
parable loading rates and same crack orientation/propagation di-
rection and temperature, a statistical 95 % confidence interval for
a difference in the mean values of K, g V shows no significant differ-
ences between the three specimen types.

The K" values measured using the RT specimen are the most
consistent while the opposite is true for the E values, see Table 3.2.
In all RT and SP specimens, the above mentioned bubble (snow-
ice boundary) layer was present some distance ahead of the crack
tip. The distance to this layer was generally much closer to the
initial crack for the RT specimen, between 10 to 60 mm, and may
have affected the modulus and also the crack propagation behavior.
The crack extension was essentially planar. In two specific cases the
crack extended out of the plane for shorter distances thereby leaving
a bulge in one of the fractured specimen halves (the so—called hill
type fracture, see Dempsey and Wei, 1989), see Figure 3.5(b) and
Figure 3.7(e). However, when the propagating crack in all the RT
and some SP specimens did run into the snow-ice layer, it veered
away from its path, initially collinear with the notch, and followed
the layer instead. This is consistent with a crack impinging on a
weak interfacial layer (in this case the porous layer).

Both the RT and SP specimens show consistent 6. values with
almost the same mean value. The gauges were frozen on the lat-
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eral surface of the specimen set at a distance of 5 mm apart, as
in Dempsey et al. (1991). For the SRCN, the crack most likely
propagates through crack jumping before the maximum load is
reached (see discussion below); here the CTOD is defined for the
first crack jump event only. Thus, it is more appropriate to use
Ontc |aa—0= CTOD., to represent the near crack tip opening dis-
placement at fracture. For the SRCN the lateral surface is at a dis-
tance of roughly 100 mm from the initial crack tip. It is expected
that the measured é,; values are larger than the CTODs due to the
incorporated effect of elastic deformation. In the cases where the
load versus COD plots revealed evidence of crack jumping, 6,; was
around 3 to 7 um between each crack jump event.

Dempsey and Wei (1989) point out that variations in grain size
and orientation of the variable microstructure of S1 ice are mainly
responsible for the observed scatter in Kg values. Crack initiation
in the SRCN (having a small crack front width) is likely to be more
influenced by the microstructure than the other two geometries.
The local surroundings near the tip (grain boundaries and the lo-
cal c-axis orientation), probably has a large influence on the crack
initiation load. This is further accentuated by the high test tem-
perature (T = 0.987T,,) that most likely causes the grain boundaries
to be much weaker than the grain interior. An example of this is
shown in Figure 3.5(a). It is important to note that the h:ll type
fracture in Figure 3.5(b) is indicative of notch insensitivity and lack
of polycrystallinity.

Typical load versus COD plots are shown in Figure 3.6(a—c).
Only in Figure 3.6(a) is there any evidence of sub—peak load crack
initiation and stable propagation. It is important to note that
the ratchets in Figure 3.6(b) and Figure 3.6(c) are not associated
with incremental cracking: instead, the appearance of the curves
is caused by vibrations introduced by the electric drill during load-
ing with the FIFT. In Figure 3.6(a), each abrupt change of slope
in the curves is associated with a crack jump and a subsequent
crack arrest as described in DeFranco and Dempsey (1990, 1991,
1993) and Stehn et al. (1993b). All tests were monitored using
video where these crack jumps might be seen. Three crack jumping
events, under decreasing load, are evident from both the 6,; and
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(a) (b)

top surface

S

(c) (d)

Figure 3.5: Notch tip crack initiation for (a) SRCN8 showing con-
choidal in—plane fracture and for (b) SRCN9 where out of plane
intergranular, hill-type, fracture is visible. (c) SRCNS fracture sur-
face and (d) schematic showing the position/orientation of each
photograph. The arrow indicates the crack propagation direction.
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0n, measurements (see Figure 3.6 for notation). A characteristic
fracture surface from a SRCN specimen is shown in Figure 3.5(c).

The unstable crack propagation behavior in the RT specimens,
despite its strong geometric stability (DeFranco and Dempsey, 1991;
1993), was expected. Neither the video film nor the COD measure-
ments showed any proof of incremental crack propagation. De-
Franco and Dempsey (1991, 1993) achieved incrementally stable,
stick-slip, crack propagation using a similar vesion of this geometry
for cold saline ice. For warm saline ice, however, stable cracking was
observed. Since crack growth stability is affected by the compliance
of the FIFT, the specimen geometry (reflected through its 0G/da
characteristics) and the material (through its R-curve behavior),
the crack stability apparently cannot be achieved in S1 ice using
the FIFT without closed loop control. Another possible cause of the
absence of stable crack propagation is the above mentioned snow-
ice layer which may have prevented crack jumping from occurring.
The fracture surface, Figure 3.7(a), shows very large cleavage steps
and river patterns along the whole width of the initial notch. As
the crack front progresses, conchoidal fracture becomes apparent,
Figure 3.7(b). Visible on some fracture surfaces were horizontal
lines similar to those occuring on the SRCN specimens.

No stable crack propagation was expected in the SP tests, and
as shown in the typical Figure 3.6(c), none was detected during
any test. In Figure 3.7(d) cleavage steps and planes are visible.
The point(s) at which the radial lines originate is probably the
crack initiation site. The rest of the surface is very flat, indicating
fast, catastrophic, crack propagation. The strong influence of the
microstructure is shown in Figure 3.7(e) where the crack ignored
the sharpened notch tip and chose to fracture along a neighboring
grain boundary instead.

3.6 Conclusions

o The apparent fracture toughness, Kg, for the three fracture
geometries tested show a reasonable similarity. The toughness
was computed assuming the initiation of a stationary macro-
crack from linear elastic, isotropic K solutions. Because S1
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Figure 3.6: Load versus COD plots for (a) the SRCN specimen
(SRCN9). Note that 6,¢,8,, |aawo= CTOD,COD. The index n
indicates that it is the near crack tip opening and crack opening
displacements; (b) the RT specimen (RT6), and (c) the SP specimen
(sP2).
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(b)

top surface /ﬁ
a

(c)

()

top surface

(f)

Figure 3.7: Fractography of (a) RT6, (b) RT5, (d) SP6 and (e) SP1
fracture surfaces; (c,f) schematic showing the position/orientation
of each photograph. The arrow indicates the crack propagation

direction.
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3.6 Conclusions

ice is anisotropic and further because of its large grain size,
LEFM size requirements were not fulfilled. However, for the
range of specimen size to grain size tested, the K¢ variation
is not significant.

Even though the ice was warm, -4°C, all fractures were of a
brittle nature. This is indicated by the short time to fracture
and the evidence of cleavage fractures on the fracture surfaces
of all specimens. The type of specimen had a marked influence
on the character of the fracture surface.

Due to the large grain size, the specimen size range was
not sufficient to reduce the scatter. Even though relatively
large (W, a,, h)/d,, ratios were maintained, the specimen size
range was probably not sufficient to ensure notch sensitivity
and polycrystallinity (Dempsey, 1991; Dempsey et al., 1992).
Clear warning signs of sub-sized tests are the hill type frac-
tures observed.



DOCTORAL THESIS: Tensile fracture of ice

Paper C

Orientation effects on the fracture of
pond (S1) ice

Lars M. Stehn
Department of Civil and Mining Engineering

Lulea University of Technology
S-951 87 Lulea, Sweden

Samuel J. DeFranco
Amoco Production Co.

P.O. Box 3385
Tulsa, OK 74102-3385, USA

John P. Dempsey
Department of Civil and Environmental Engineering
Clarkson University
Potsdam, N. Y. 13699-5710, USA

67



68 Orientation effects on the fracture of ...

This chapter is a version of a paper where the original text has been
formatted. The paper has been submitted for publication in:

Stehn L.M., DeFranco S.J. and Dempsey J.P., 1993. Orientation effects
on the fracture of pond (S1) ice, International Journal of Rock Mechan-
ics and Mining Science & Geomechanics Abstracts



DOCTORAL THESIS: Tensile fracture of ice

Chapter 4

Orientation effects on the
fracture of S1 ice

4.1 Abstract

The influence of structural anisotropy on the fracture toughness of
S1 type freshwater ice was investigated by fabricating and testing
three different fracture geometries from a single ice core. The ice
was tested at -16°C using the Chevron Edge Notch Round Bar in
Bending (CENRBB), a Chevron Notched Tension (CNT) specimen
and the Semi Circular Bend (SCB) specimen. By this procedure, a
complete anisotropic apparent fracture toughness (Kq) character-
ization is possible from one core. The specimens can be prepared
with very little machining. This approach is therefore suitable for
both field and, as in this work, laboratory studies. Three models are
presented for computation of the stress—intensity-factor expressions
for these specimens. There is a wide scatter in the K¢ results and
the apparent fracture toughness was higher for cracks perpendicu-
lar than for crack parallel to the c-axis and the columnar grains.
Possible explanations for this ambiguous behavior are discussed in
terms of microstructural influences and specimen size effects.
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Figure 4.1: Notation for the three principal crack orientation and
crack propagation directions.

4.2 Introduction

There are several mechanisms of ice fracture in an ice-structure
interaction event: spalling, radial or circumferential cracking, non-
elastic buckling and the flexural mode of failure. These fracture
modes represent independent cracking cases with variations in the
crack plane and crack propagation direction relative to the texture
(shape of the grains) and fabric (orientation of the grains) of the ice.
These crack plane and crack propagation directions are defined in
Figure 4.1 according to the convention in Parsons et al. (1986). The
first letter identifies that the crack plane is either (H) horizontal or
(V) vertical; the second letter identifies that the direction of crack
propagation is either (H) horizontal or (V) vertical.

Unseeded ice and often natural ice, formed in calm non-turbulent
waters, forms so called S1 ice (Michel and Ramsier, 1971). This ice
is composed of irregularly shaped columnar grains where there is
a tendency for the average grain diameter to increase with depth
due to the squeezing out of unfavorable oriented grains. The crys-
tals have a preferred crystallographic orientation with a vertical or
near-vertical c-axis.
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The influence of anisotropy on fracture toughness of S1 fresh-
water ice has not received much attention in the literature (Kollé,
1981; Danilenko, 1985; Dempsey et al., 1988; Dempsey and Wei,
1989). Furthermore, it can only be speculated that the scatter typ-
ically observed in S1 ice testing is due both to specimen size effects
and crack tip location versus the contiguous microstructure prior
to initiation. When the fracture specimen is too small with respect
to Linear Elastic Fracture Mechanics (LEFM) constraints and rel-
ative to the grain size, it is notch insensitive and a representative
fracture event is not measured (Dempsey, 1989; Dempsey et al.,
1992). When there are too few grains in the notch cross—section,
the full confining effect imposed by neighboring grains (polycrys-
tallinity) is not mobilized. Additionally, if the initial notch ends
within a grain, the local orientation, not the global c-axis orienta-
tion measured over the whole aggregate, of that grain may in large
part determine the energy needed to initiate and propagate a crack.
This is specially important for large grained S1 ice.

Comparisons involving results from the literature concerning the
influence of anisotropy on the fracture toughness of ice are difficult;
this is mainly due to the variety of testing techniques, loading rates,
test temperatures and ice types. However, a brief survey of previous
investigations which have examined orientation (O’n) effects on the
fracture toughness of S1 ice is presented. Kollé (1981) measured the
influence of crystallographic anisotropy on freshwater S1 ice using
three—point (3pt) bending specimens. A significant difference in
fracture toughness was found between the hard-fail VV O’n and
the HH O’n. The latter tests were performed on relatively small
specimens where the b/d,,, crack front width to average grain size
ratio, was only 2.5.

Danilenko (1985) used small sized compact tension specimens
on fine grained S1 ice. However, no difference could be found among
the six different directions studied. A limited number of tests per
direction and a very low loading rate (K = 0.1 to 2 kPa/ms™!) is
a possible explanation for the scattered data.

Dempsey and Wei (1989) addressed the issue of microstructural
and textural effects on the fracture toughness of S1 ice tested using
the 3pt bend geometry. The specimen sizes, b/d,, = 1 to 16, were
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Figure 4.2: Effects of c-axis inclination on Kg for freshwater S1
ice at -10°C. C, is the percentage of grains having a vertical c-axis.

not large enough to reduce scatter although the authors reported
lower Kq for smaller grain sizes (brittle cleavage) and higher val-
ues for larger grain sizes (decohesive rupture). For cracking in the
H O’n the apparent fracture toughness was found to have a pro-
nounced dependence on the percentage of vertical c-axes. These
results are shown in Figure 4.2. This paper investigates the influ-
ence of the structural anisotropy on the apparent fracture toughness
corresponding to the initiation of a macrocrack using three different
fracture specimens and freshwater Sl ice at -16 °C. Of real impor-
tance for field studies is the development of a fracture methodology
using core specimens.
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4.3 Fracture geomeries

A common feature of all of the above studies is the necessity to cut
the specimens both horizontally and vertically in order to inves-
tigate the influence of structural anisotropy. In the field, this is a
difficult and possibly dangerous procedure and requires thick ice for
the specimens to be of a large size. This lead to the development of
a method using core-based fracture geometries: the Chevron Edge
Notch Round Bar in Bending (CENRBB), the Chevron Notched
Tension(CNT), and the Semi Circular Bend (SCB), see Figure 4.3
(a—c). The concept originates from the ISRM (1988) suggested
methods for determining the fracture toughness of rock. The idea
is to minimize the amount of handling and machining by using spec-
imens that are readily fabricated from core pieces. Consequently,
a complete investigation of the influence of anisotropy on the frac-
ture toughness can be made using easily obtained cores of ice. In
the following, it is assumed that the core is vertically oriented. For
each chosen core, the testing proceeds by i) fracturing the CENRBB
that is a 3pt bend specimen with a chevron notch cut perpendicular
to the core axis (the HH O’n); ii) from the remaining halves two
CNT specimens are manufactured which have chevron notches cut
parallel to the core axis (the VV O’n); iii) from the broken short
rod halves, at least four SCB specimens can be fabricated. The 3pt
bending configuration of the SCB has a straight notch cut that is
perpendicular to the notches in both of the other specimens (the
VH O’n). In this way, the three principal crack O’ns, outlined in
Figure 4.1, can be obtained from one ice core.

The shape function for the standard short rod chevron notched
specimen can be found in e.g. Matsuki et al. (1991), but is not
known for the CNT because the different mode of loading. The
SCB geometry was apparently first investigated by Chong et al.
(1987a). The latter authors, however, did not describe or present
a thorough fracture mechanics analysis of the SCB. Furthermore,
the span/diameter ratio for the CENRBB was too small to utilize
existing expressions. In order to investigate the influence of the
structural anisotropy of S1 ice on the fracture toughness values as-
sociated with the CENRBB, CNT and SCB, the Kj—expressions
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Figure 4.3: (a) Chevron Edge Notched Round Bar in Bending
(CENRBB), (b) Chevron Notched Tension (CNT) specimen, and
(c) Semi Circular Bend (SCB) specimen; (d) Schematic showing the
specimen orientation relative to the crystallographic orientation.
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were determined by a combination of an analytical beam model
based on Kanninen’s spring foundation model (Kanninen, 1973),
the finite element method and the weight function method. In-
herent in these LEFM expressions are the assumptions that the
material is homogeneous, elastic and isotropic.

Caution should be exercised in applying isotropic theory to es-
timate anisotropic material performance. In anisotropic materials,
the critical stress—intensity—factor is dependent on the crack orien-
tation, Wu (1967). To apply the LEFM concept to the prediction of
fracture in ice, the crack must be oriented along the principal direc-
tion of elastic symmetry. The direction(s) in which K7, is minimum
is then always constant, i.e., the critical orientation of the crack is
known. Furthermore, the direction of crack propagation must be
essentially planar and collinear with the original crack.

For this reason, the apparent fracture toughness is determined
here instead of the plane strain fracture toughness (or K;.). Note
that these distinctions are not necessary if the initiation of crack
growth is identified in terms of the critical energy release rate (Gy.),
but only if the latter is deduced specifically through the specimen
compliance.

4.4 Experimental procedure

Freshwater ice cores were collected from a pond formed in an aban-
doned limestone quarry, near Clarkson University, Potsdam, N.Y.,
during March, 1992. The average ice thickness was 450 mm. An
interesting feature of this ice was found in each core; at approxi-
mately 200 mm from the ice surface a 50 mm thick bubble layer
existed. The small bubbles were evenly distributed and made the
ice opaque. At this location the ice was evidently saturated with
air bubbles and air channels (Fransson and Stehn, 1993) but what
caused this is unclear. This layer had a strong influence on the
fracture behavior in the HH O’n, as is discussed later. The very
warm ice cylinders (air temperature +2 °C) were wrapped in plas-
tic, transported to a cold room at Clarkson and stored at -15°C to
-20°C for approximately two months.

The non-turbulent waters of the pond had produced macrocrys-
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talline S1 ice, as defined by Michel and Ramseier (1971), composed
of irregularly shaped columnar crystals with vertical or near-vertical
c-axis orientation. The grain size showed an increase with depth,
from 6.840.7 mm at the top (below the approximately 70 mm thick
fine grained snow-ice layer that was removed before machining the
specimens) to 10.8+1.6 mm near the bottom. The columnar macro-
crystalline feature of the natural S1 ice is presented in Figure 3.3
which shows a vertical and horizontal thin sections from specimen
CNT3g.

The c-axis orientation on three different cores at three different
depths was measured by a universal stage on horizontal thin sec-
tions. A stereographic projection at each level of these c-axes are
shown in Figure 3.4. The first level was approximately 50— 70 mm
from the top (99 grains measured), the second 120-160 mm from
the top (95 grains) and the third was located 180 mm from the top
(35 grains). In the first level 73 % of the grains were found to be
vertical or near-vertical (to within 20 degrees inclination of the ¢~
axis from vertical), in the second level 87 % (to within less than 15
degrees) and in the third level 97 %. Thus, it is evident that the c-
axes of most grains was randomly and vertically or near-vertically
oriented which is, by definition, S1 type ice.

The density was measured on different cores at approximately
the same levels as the c-axis measurements by recording the mass
of a known volume. The mass was measured on a digital scale with
an accuracy of 0.1g and volume was measured using digital calipers
accurate to 0.01 mm. The average density was 906 £10 kgm™2 at
-16°C.

The CNT specimens were cut from the ice cores so that the
above mentioned bubble layer not ended up within the notch section
(uncracked ligament). This is also the case for the it SCB specimens
that were formed from broken CNTs. The CENRBB were made
using the whole core length. For the latter, the chevron notch was,
in all cases, cut within the bubble layer. The lengths and chevron
angles for the CENRBB and CNT specimens were formed by a band
saw. The proper notch angles, 90° (Figure 4.3a) and 27.3° (Figure
4.3 b), respectively, were ensured by using simple notch cutting
fixtures similar to that described in the ISRM (1988). The special
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groove in the front face of the CNT specimens was milled by a 20
mm vertical endmill. The SCB specimens were formed from broken
CNT specimens and the straight face, originally the uneven crack
plane of the CNT, was planed with a planer—joiner.

A sharp crack was introduced in each specimen immediately
prior to the testing by scribing the notch with a razor blade (Wei
et al., 1991). This created a sharp, short crack with a wavy front.
The crack tip opening displacement s CTODs and crack mouth
opening displacement s CMODs were measured during the fracture
experiments using a procedure similar to that described by Wei et
al. (1991), in which the error estimates using this technique can be
found. A Kaman KD-2810-1U non-contacting displacement gauge
(measuring range 25 £ 0.0254m) was frozen onto the specimen sur-
face ahead of the notch and for the CENRBB and CNT specimens,
a Kaman KD-2310-1U measuring the CMODs (measuring range
1000 + 0.1um) was also attached near the crack mouth.

All specimens were machined and tested at -16°C. The tests
were performed on an Instron 8500 testing frame with crosshead
velocities of 0.01 (CNT), 0.02 (SCB) and 0.04 (CENRBB) mm s™1.
The transducers’ output signals were processed by a Keithly Series
500 analog-to-digital converter connected to a Gateway 200 model
486/33 microcomputer. Data sampling rates of 300 to 600 Hz were
used depending upon the stroke rate.

4.4.1 The Cevron Edge Notch Round
Bar in Bending (CENRBB)

The (CENRBB) has been used by Ouchterlony (1982) for fracture
toughness, crack resistance, R-curve behavior, and J-integral re-
sistance measurements on rock. The uncracked ligament of the
notched specimen has the form of a V or chevron (Figure 4.3 a).
Because the CENRBB exhibits a negative energy-release-rate with
crack extension dG/8a' behavior, a period of stable crack growth

1Crack growth stability requires the equality of the crack driving force and
the crack growth resistance and also that the rate of change in the resistance

of fracture is greater or equal to the rate of change in the crack driving force,
i.e.,, G= R and 0G/8a < OR/dAa
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is generated in quasi brittle materials such as rock and concrete
under increasing load before the point at which the toughness (for
a quasi statically growing macrocrack) is evaluated. The compli-
ance calibrations for the CENR BB shape functions were determined
by Ouchterlony (1984) from systematic experiments on aluminum
specimens and recently by Matsuki et al. (1991) using a boundary
element method.

The aim of this paper was to use the standard specimen con-
figuration for the CENRBB specimen in the ISRM (1988) sug-
gested methods. However, the total ice thickness made it impossi-
ble to maintain a S/D (span/diameter) ratio of 3.33, so the ratio
of S/D=1.7 used in this study required a new shape function.

The calibration was made by a 3-D finite element analysis using
the general finite element program ANSYS. A CENRRB specimen
was modeled with dimensions according to Table 4.1 with D =
1m and E’ = 1GPa. Only half of the specimen was analyzed,
taking into account the symmetry. The thickness of the chevron
notch was 0.03D which is the thickness of the band saw cut. The
notch was modeled using 10 volumes, each of several elements, with
baselines perpendicular to the line of loading, see Figure 4.4. The
top volume was 0.128D high, the other nine volumes 0.078D high.
The complete FE mesh was made of nearly 3800, four-node, 3-D
solid tetrahedron elements. The average stress—intensity—factor K
was determined using the compliance method. For each specified
relative crack length (a®EV), a load of 1 kN was applied, the load—
line displacement was averaged from nodal displacements and the
compliance C was computed. The nodes in the top volume was not
included due to the proximity of the concentrated load. The crack
length was then increased by removing a volume of elements in the
notch. In this way, an incremental increase in the crack length of
AcCEN = (.078 was modeled. A new mesh was then generated.
This method was repeated for nine relative crack lengths, %V <
a®EN < 0.8 where a®®N = a/D (a is the crack length); in terms
of the load-line displacement (6p) the compliance C = ér1p/F
where F' is the load. From the potential energy release rate and the
LEFM relationship G = K?/E'
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Figure 4.4: The 3-D finite element CENRBB mesh
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2 2

G1=-I&=£—--a—q- (4.1)
where b is the actual crack front width = 2D(a®®N — ofEN) and
E' = E for plane stress and E/(1 — v?) for plane strain, an average
K value is obtained in the form:

F
Ky = D3/2Y0EN(aCEN oCEN) (4.2a)
0.5
1 aC 1
Yeen = 4 9aCEN (qCEN _ 4CEN) (4.2b)

Here C = CE'D is the non-dimensional compliance. The compli-
ance data obtained from the FE modeling is shown in Figure 4.5.
C was determined as a function of crack length using a curve fit-
ting technique after Quchterlony (1984). The curve that best fit
the compliance data in Figure 4.5 was:

C = 25.2 + 47.70*% + 2460°° + 11040 (4.3)

From equation (4.2) and equation (4.3) the apparent fracture
toughness is ultimately evaluated as:

F, ol 4 13.4055 + 1480151%°
=75 75546 o—a) (4.4)

K§¥

here F, is the crack initiation load. In this paper the apparent
fracture toughness at initiation of a macrocrack is sought. For a
chevron notched geometry it is important to note that a stress-
intensity-factor is not defined at a = a, because of the sharp apex
of the notch, see Figure 4.3(a,b). In these tests, the maximum
load, corresponding to the second crack initiation event, is used
as the crack initiation load. The first crack initiation, the pop—in
Figure 4.6(a), generates an initial crack font width b. However, no
direct measurements on the corresponding crack length were made.
Instead, a is arbitrarily estimated so a minima in Yo is obtained.
This occurs for a ~ 0.331. It is worth to notice that, for a material
with a flat R-curve, the a corresponding to a minima in Y (often
denoted a) is a unique value occurring at the maximum load Fi,,;.
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Figure 4.5: Elastic load-line compliance values obtained from the

FE model plotted as dimensionless compliance (C) versus relative
crack length.
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Test Type | Dimensions | D (mm) | No. of Tests
O’n t (mm)
CENRBB S=1.7D 198 4
a,=0.17D
HH a1=0.64D
200EN = 90°
CNT W=1.44D 198 6
\'A% a,=0.46D
20°NT = 54.6°
SCB S$=0.8D 198 13
VH a,=0.14D 54-58

Note: A small variation in the dimensions
exists as a result of the specimen fabrication

Table 4.1: Specimen dimensions

To determine the apparent fracture toughness for the HH O’n
in S1 ice, Kg H four tests were performed using this geometry, see
Figure 4.3(a) and Table 4.1 for dimensions.

4.4.2 The short rod Chevron Notched
Tension specimen (CNT)

The (CNT) specimen was first used, in a parallel research effort,
by Stehn et al. (1993b). The complete details of these tests and
the evaluation of the results are presented in the latter paper. The
standard Short Rod Chevron Notched specimen SRCN was first
proposed by Barker (1977, 1978). Barker used the SRCN for frac-
ture toughness determination of aluminum and rocks, and later,
Nixon (1984) and Nixon and Smith (1987) used it to measure the
fracture toughness and effects of reinforcement on freshwater ice.
The beam-like character of the CNT specimen was conveniently
modeled by a one- dimensional beam on elastic foundation model
(Kanninen, 1973). The Winkler foundation is used to model the
uncracked area of the specimen which allows the determination of
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a theoretical compliance function. The geometry, boundary condi-
tions and stress-intensity— factor solution are presented in Stehn
et al. (1993b). The K—expression for the CNT is ultimately given
by:

vV __
Kq

F, 0.991
~ R3/2

(aONT _ GONT)ifz [Yr - YM]) (4.5)

where R is the core radius, W the specimen length and o®NT =
a/W. The two functions Yz(a®NT,w/r) and Yar(a®NT,w/R) are
given as:

YF = C!(W/R)Cscl + Cg(n=—1) (4.6)
_ az(W/R)zcg + 20(W/R)C3Cg(n=l) -+ 01
YM - ( 2a(W/R)C'3 + 202(1;:1) Cl (47)
in which
. 1.2 )
0, = sinh® Ac + sin® Ac (4.8)

sinh? \¢ — sin? Ac

_ sinh Accosh Ac + nsin Accos Ac
Ca(n) = sinh® A¢ — sin? Ac (4.8b)
Cs = 1.760 (4.8¢)

In equations (4.8a,b) Ac = 1.760(1 — a)(w/R); « is the current rela-
tive crack length. This specimen promotes stable crack extension,
crack jumping, over uncharacteristically large portions of the ini-
tial uncracked ligament. By the COD measurements, each crack
jump identified on the fracture surface could be correlated to the
current load and crack length. By the same arguments, about the
chevron notch stress-intensity—factor, as before; the load at the sec-
ond abrupt load drop (crack initiation event), cf. Figure 4.6(b), is
used as the initiation load corresponding to the ng value. The
first crack jump event corresponds to the load to generate an initial
crack front width b.

A total of six CNT tests were performed using the geometry in
Figure 4.3(b) and Table 4.1. The cracking O’n was vertical and the
propagation direction was vertical downwards and parallel to the
c-axis yielding I{g V values.
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4.4.3 The Semi Circular Bend specimen (SCB)

The Semi Circular Bend (SCB) specimen was introduced by Chong
et al. (1987a and b) for fracture studies on oil-shale. The SCB
specimen is a single edge notch beam loaded in 3pt bending as
shown in Figure 4.3(c). It has also been used for mixed mode
fracture studies, Chong and Kuruppu (1988), with the edge crack
cut at an angle to the loading direction.

In a recent paper by Adamson et al. (1993), a stress-intensity—
factor solution for all crack lengths (¢5°8 < o5CB < 1) for the
SCB is presented using the weight function method. In the weight
function method the stress-intensity—factor for a body is deter-
mined from a reference stress—intensity—factor and reference crack
face displacement that is generated (or known) for a reference load
case. A specific stress-intensity—factor is than obtainable for any
type of loading. In Adamson et al. (1993), an FEM analysis was
conducted to get the stress distributions for the 3pt bending loading
case. The reference stress-intensity—factor and reference crack face
displacement were obtained by examining limiting cases of known
solutions and by curve fitting results found using the general finite
element program ABAQUS J-contour calculations. The reader is
referred to Adamson et al. (1993) for details. The K;—expression
for the SCB for S/R = 1.6 is given by:

F (ﬂ.aSC'B)llz

VH
Ko™ = tR/2 (1 — aSCB)3/2 Yscp (4.9)
here o5CB = q/R, t is the specimen thickness and
Ysce = (2.724 — 11.299c + 50.1050° —
—158.2310° + 313.312a* — 362.5630° +
+222.599a® — 55.713a7) (4.10)

A total of 13 tests were performed to determine, Kg H the apparent
fracture toughness for a vertical crack propagating horizontally and
parallel to the c-axis using the SCB geometry, see Figure 4.3(c) and
Table 4.1 for dimensions.
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1D F, Kq _ 8
# On | & | (N) |(kPay/m) | T | s [(pm)]| T | s
CENia 2619 | 190 -
CEN2b 3169 | 230 21
CENSc | HH | 150 | 2172 | 158 [270|157| 13 |22 | 8
CEN4d 6902 | 501 33
CNTie 125 [ 1296 | 215 #“
CNT2t 120 | 737 97 14
CNT3g | VV | 195 | 579 78 |111| 58 | 26 |33 | 11
CNT4h 145 | 553 74 37
CNT5i 120 | 441 59 40
CNT6 140 | 979 | 142 38
SCBie 160 | 993 | 130 40
SCB2e 160 | 1642 | 197 42
SCB3e 215 | 912 | 128 3.7
SCB4e 215 | 846 | 108 2.3
SCBS? 185 | 1842 | 212 7.0
ScBet 245 | 910 | 114 3.6
SCB7Th | VH | 215 | 663 85 |126| 41 | 22 | 33|15
SCBSh 265 | 734 89 3.2
SCB9i 135 | 940 | 123 0.7
SCB10i 195 | 1084 | 141 4.1
SCB11j 195 | 596 75 18
SCB12] 190 | 1053 | 138 3.9
SCB13j 245 | 787 95 2.5

Note: T = group mean value; s = 0,—; = standard deviation

Table 4.2: Test data and results

4.5 Results and discussion

The experimental results are summarized in Table 4.2 where
each test is identified by a specimen type letter, a sequence number
and the core from which the specimen was made. O’n is the ori-

entation of the crack plane and crack propagation direction, . is
the approximate crack initiation depth (mm) from the top surface
(Figure 4.3d), F, is the crack initiation load used to calculate Kg in
equation (4.4), equation (4.5) and equation (4.9)and 6. = CTOD,
is the crack tip opening displacement at fracture. To facilitate

comparisons of the different crack orientation and propagation di-
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rections, the mean values and standard deviations of the different
specimens are presented. All testing was performed at -16 °C and
the crack front width to average grain size b/d,, ratios varied as
4 (CENRBB and CNT) and 8 (SCB). The time to failure ranged
from 3 to 23 seconds resulting in an approximate stress— intensity
rate K of 5 to 50 kPa \/ms™.

In each case the crack propagated along an essentially straight
line collinear with the original crack. Hence, the stress—intensity-
factors determined for an isotropic case are applicable.

The typical F-CTOD plots reveal a clear difference in fracture
behavior between the CENRBB, Figure 4.6(a), the CNT, Figure
4.6(b) and SCB, Figure 4.6(c). For the SCB, the initiation of a
stationary macrocrack was followed by unstable fracture. The load
versus time plots were linear and the maximum load could be iden-
tified in each case at the instability point. The bump in Figure
4.6(a) is probably a pop-in (crack initiation), but no further crack
extension is visible. This behavior of the CENRBB specimen is am-
biguous’and will be discussed later. However, the CNT responded
completely differently. Figure 4.6(b) shows the F' versus 6, plot for
specimen CNT3g. In this case ut |ae~0= CTOD is defined as the
near crack tip opening displacement since the gauges were attached
to the specimen surface at a distance of 100 mm from the initial
crack tip. The changes of slope in this curve is associated with crack
jumps where the crack extension occurs under decreasing load. This
definite change in slope is also evident in the F-time and 6,,~time
spaces. An unstable fracture never occurred; the incremental crack
extension took place along the whole notched ligament. A complete
discussion and analysis of the results using the CNT specimen is
enlarged upon in Stehn et al. (1993b).

A statistical 95% confidence interval for a difference in means
showed, surprisingly, a significantly lower apparent fracture tough-
ness for the-with respect to the c-axis orientation-hard fail O’ns

VH and VV with respect to the HH O’n.

The unexpected behavior, probably caused by a too small spec-
imen span, of the CENRBB specimen must be taken into account.
The small §/D ratio induced higher shear stresses in the specimen.
The significant increase in specimen stiffness is clearly evident from
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the finite element analysis. Compared to the ISRM (1988) standard
specimen configuration, Matsuki et al. (1991), the small S/D ratio
gave a 68 % lower value of K, and a 6 % decrease in the compli-
ance at the critical crack length. In addition, there was only weak
evidence, by the CTOD and the CMOD measurements, of pop-in
features on the F—-CTOD plots indicating crack growth prior to
unstable cracking. No crack growth could be visually detected. Be-
cause the CENRBB exhibits a negative 3G/0a behavior, a period
of stable crack growth could be expected.

It is important to note that these preliminary tests include too
few tests for the observed trends to be statistically valid. It is rec-
ognized that a larger amount of data is needed. The two size effects
(mentioned in the introduction and emphasized by Dempsey and
Wei, 1989) are predominantly responsible for the scatter. An in-
triguing possibility is that the ambiguous (crystallographic) aniso-
tropy behavior found is caused by another microstructual effect;
namely, the bubble layer. As mentioned before, this layer was very
close to the notch for the CENRBB specimens. It can be speculated
that the bubble layer increase the deformation capability of the ice
specimen; so that, in a sense, it shields the crack so that the effective
stress-intensity—factor is reduced. Thus, the apparent macroscopic
fracture toughness characterizes a tougher material than that which
the crack tip experiences. In fact, two specimens, not included in
these results, did not break at the notch but suffered a shear-like
failure, originating from the supports, instead, i.e., the specimens
did not feel the notch. It is also possible that the size and con-
figuration of a specimen influences the results so that the value of
K becomes more or less dependent on the anisotropy of the ice
properties.

The affect of c-axis inclination (the percentage of grains having
a vertical c-axis) on Kq is notable. The SCB results are on average
higher and more consistent, i.e., having lower standard deviation,
than the CNT. This is probably caused by the difference in crack
initiation depths. For the latter, the initiation is generally higher
up in the ice sheet where the c-axis is not so predominantly vertical
as it is further down.
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Figure 4.6: Load versus CTOD plots for (a) the CENRBB specimen
(CEN2b), (b) the CNT specimen (CNT3g). Note that &, |aAc—0=
CTOD; and (c) the SCB specimen (SCB9i).
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4.6 Conclusions

e A new methodology using three different core based fracture
specimens was developed. The amount of handling and ma-
chining can be minimized and therefore it is suited for field
studies, especially on warm ice. For ice thicker than 660 mm,
eleven specimens of large size can be manufactured from one
ice core. In this manner all three principal O’ns may easily
be investigated.

o Ki-expressions were determined for the Chevron Notched
Tension CNT specimen, the Semi Circular Bend SCB spec-
imen and the Chevron Edge Notch Round Bar in Bending
CENRBB for a span/diameter ratio of 1.7.

o A statistical 95 % confidence interval for a difference in means
showed a significantly lower apparent fracture toughness for
the-with respect to c-axis orientation—hard fail O’ns V H and
VV with respect to the HH O’n. In other words, cracking
was found to be easier parallel than perpendicular (parallel to
the basal planes) to the c-axis. Two different microstrucural
effects can be possible explanations for this ambiguous behav-
ior. The specimen size range was not sufficient to reduce the
scatter and ensure notch sensitivity and polycrystallinity be-
cause of the large grain size. Further, the bubble layer present
in the HH O’n tests may have shielded the crack from the
bending (tensile) stresses and increased the macroscopic ap-
parent fracture toughness. It is recognized that this investi-
gation includes too few tests for the results to be statistically
valid.
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This chapter is a slightly extended version of a paper where the original
text has been formatted. The paper has been submitted for publication
in:

Stehn L.M., DeFranco S.J. and Dempsey J.P., 1993. Fracture resistance
determination of freshwater ice using a chevron notched tension speci-
men, International Journal of Fracture
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Chapter 5

Fracture resistance of
freshwater ice

5.1 Abstract

Crack growth resistance (R-curve behavior) measurements on large
grained S1 type freshwater ice were conducted in the Ice Mechanics
Research Laboratory at Clarkson University. To overcome previous
difficulties in obtaining stable cracking in freshwater ice, a new
crack geometry was developed. The short rod Chevron Notched
Tension (CNT) specimen was found to be extremely favorable in
the sense of promoting stable, stick-slip, crack growth over a large
portion of the uncracked ligament. A negative fracture resistance
K pgr—curve was evaluated for this ice at -16°C.

5.2 - Introduction

During an ice/structure interaction several ice failure mechanisms
are possible. This wide range of behaviors complicates the predic-
tion of ice forces. Field observations show that there is extensive
fracturing of ice caused by environmental forces or interactions with
a stationary structure. In fact, ice around an offshore structure of-
ten presents a chaotic picture of multifariously fractured sheets and
blocks, and when an icebreaker passes through an ice sheet there
is a great deal of ice cracking. Here, fracture appears to be the

93
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dominant failure mode in nature. Global splitting or fracture has
been proposed as a possible load limiting process (Blanchet, 1990).
However, the conditions under which fracture events occur have not
been well defined and the influence of variations in fracture tough-
ness, tensile strength and the geometrical size scale needs to be
addressed. Practical application of fracture mechanics to the study
of the failure of ice can incorporate the effects of fracturing into
engineering ice load calculations and provide parameters for both
the classification and the description of the mechanical behavior of
ice.

Ice forms, of course, when water freezes. Only one type of ice
is formed at atmospheric pressure and temperature, the so—called
ordinary ice I, which has a hexagonal close packed structure. The
atomic structure of the ice builds on the geometry of the water
molecule: each oxygen atom is bonded by two hydrogen atoms to
four other oxygen atoms. The oxygen atoms become well bonded
in layers of hexagonal symmetry but only one bond across to the
next layer. This defines a basal plane (the preferred slip plane),
parallel to the layer structure. The number of molecular bonds to
be broken for deformation, e.g., creep or fracturing, parallel to the
basal planes are less than in other directions. The axis of symmetry,
perpendicular to the basal plane, is called the c-axis; this axis also
coincides with the optical axis of each ice crystal, see e.g. Dempsey
et al. (1992). Depending on the stress rate and the orientation of
the basal plane with the stress direction ice displays a combination
of responses: it shows elastic response but also immediately begins
to creep; in addition, ice exhibit ductile deformation mechanisms
but is also an extremely brittle material if the applied stress or
stress rate is sufficiently high. For instance, it can fracture in a
brittle manner, even very near the melt temperature.

There exist a growing number of measurements on the frac-
ture toughness of ice reported in the literature. Recent reviews are
found in Dempsey (1989) and Parsons (1990). Materials such as
concrete, rock, ceramics and ice have an aggregate or grain size
that is several orders of magnitude larger than typical metals. Be-
cause of this inhomogeneity, these materials do not strictly meet the
assumptions of continuum mechanics in the sense that a suitable
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OCNT = 27.3°
Figure 5.1: The Chevron Notched Tension (CNT) geometry.

large specimen size must be tested in order that polycrystallinity
is mobilized. However, many previous fracture toughness inves-
tigations adopt the discipline of linear elastic fracture mechanics
(LEFM) without ensuring the case of small-scale yielding (ASTM,
1985). The LEFM approach is valid provided that: the crack tip
is sharp; the crack length is large in comparison with the grain
size (polycrystallinity); and the specimen size (width, crack length
and uncracked ligament) is sufficiently large in comparison with
the crack tip process zone for the stress and deformation fields sur-
rounding the crack to be grossly elastic.

To date, the emphasis has been on determining the fracture
toughness corresponding to the initiation of a stationary macroc-
rack. For toughness tests without the consideration of crack growth
stability, only the determination of Kj. (the plane strain fracture
toughness) is possible. Crack stability and crack growth in ice have
received attention only recently (Dempsey et al., 1986; Bentley,
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1988; Parsons et al., 1988 and 1989; DeFranco and Dempsey, 1990,
1991 and 1993; Stehn, 1993 and Stehn et al., 1993). The stable
crack growth characteristic of sea ice and freshwater ice is desirable
for a number of reasons: it permits the crack growth resistance,
R, to be determined as a function of crack velocity, @, and amount
of crack growth, Aa; it is possible to study the crack initiation
characteristics and it permits the design of controlled experiments.
Even more important, in some cases during an ice/structure in-
teraction a limited amount of slow crack growth may occur under
increasing load before unstable crack formation and crack propa-
gation and a dramatic drop in the ice load on the structure. This
type of fracture cannot be quantified solely by Kj.; instead, a dif-
ferent approach based on the energy absorption capability of the
ice with crack growth is necessary (DeFranco and Dempsey, 1993).
It is therefore apparent that a methodical investigation on the frac-
ture resistance behavior of ice is needed. For this purpose, the
short rod Chevron Notched Tension (CNT) geometry, see Figure
5.1, was developed. Fracture toughness tests were performed using
the new crack geometry and freshwater S1 ice at -16°C. The test
results were evaluated from the viewpoint of a characterization of
the fracture resistance Kg—curve.

5.3 Crack growth stability

Many different concepts are invoked by the use of the word sta-
ble. The meaning of stable crack growth is different depending
on the particular material: in metals stable crack extension oc-
curs following local yielding, void growth and coalescence in the
fracture process zone; for quasi brittle materials (concrete, rocks,
ceramics) stable crack propagation is due to microcrack formation
and crack branching. In addition, the above mentioned studies on
crack growth stability in ice report incremental or so-called stick-
slip cracking as opposed to continuous quasi static crack growth.
Stick-slip cracking consists of crack initiation followed by an unsta-
ble crack propagation and a sudden crack arrest. To restart crack-
ing, the applied load must be increased. The principles of crack
arrest are discussed in Broek (1986). Of primary interest here is
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that stick—slip behavior may be explained by: the microstructure
(the large grain size); the fracture resistance (ice is rate sensitive
that implies that the stress needed for crack growth may be lower
than for crack initiation) and the experimental geometry (method
of loading and total system compliance).

Crack propagation can only occur when the energy-release-rate
(or crack driving force) G is just equal to crack resistance to fracture
R; written as G(A) = R(AA) where A = a-bis the projected crack
surface area (a is the crack length and b the crack front width). The
fracture resistance is usually a function only of the amount of crack
area extension AA and independent of the crack area width. If G is
larger than R fracture instability occurs. For a crack to grow stably
the equality of the energy-release-rate and the fracture resistance
must be maintained and also the rate of change of crack driving
force be less than the rate of change of fracture resistance. This
implies that

9G _ oR
0A ~— 0AA

for stable crack growth at the current crack area. For geometries
with constant crack front width, the requirement for stable crack
growth equation (5.1) is differentiated with respect to the crack
length and amount of crack growth at the current crack length a =
a, + Aa. The (OR/0AA) term is the material property concerning
the variation of toughness with crack growth and (9G/dAA) is
the rate of change of the test geometry energy-release-rate. The
next sections will focus on the characteristics and requirements of
equation (5.1) for fracture resistance measurements on ice.

The shape of the R—curve depends on specimen thickness (that
is, the crack front width) for metals. For thick plates under plane
strain it is a horizontal line while thin plates under plane stress show
a rising R—curve. This is commonly known as the thickness effect
where the thickness of the specimen determines the state of stress at
the crack tip. Maximum constraint is obtained under plane strain.
Using a chevron notch geometry the crack front width is increased
from zero to the full specimen width during crack extension. The
crack front can be written as:

G=R and (5.1)
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a—a,
b_D(l_ao> (5.2)
where D is the specimen diameter, a is the relative crack length
a/W, see Figure 5.1. Thus, as the crack extends in the region
a, < a <1 in the chevron notch a transition of the state of stress
at the crack tip exists. Furthermore, if the uncracked ligament is
too short, for instance as an effect of accumulated crack growth,
the closeness of the stress-free boundaries may significantly affect
the stress field by reducing specimen constraints on the crack tip
(Knott, 1973). However, for ice it is not yet determined whether
cracking is accompanied by the same degree of lateral contraction
as that observed in the fracture of metals. For rock, there is ap-
parently no transition to a different deformation pattern in plane
stress compared to plane strain (Ouchterlony, 1982). It has already
been discussed that the stable crack growth observed on freshwater
ice has always been incremental. This implies that the dR/da (a is
the crack velocity) behavior is negative. Further, the proposed neg-
ative R—curve in DeFranco and Dempsey (1990) clearly points out
that stable incremental crack growth can only occur in geometries
in which 0G/0a is sufficiently negative to satisfy the crack growth
stability expressions given in equation (5.1). To obtain stable crack
growth in ice DeFranco and Dempsey (1993) found it necessary to
design a test geometry with a very negative geometric stability fac-
tor or GSF (Mai and Atkins, 1980). The GSF may be obtained for
any fracture geometry by manipulation of equation (5.1) and the
relationship between the energy-release-rate and the compliance of
the geometry. The reader is referred to DeFranco and Dempsey
(1993) for a more comprehensive description of energetic stability
in (ice) fracture testing.

5.4 The short rod Chevron Notched
Tension specimen (CNT)

The standard Short Rod Chevron Notched specimen SRCN was
first proposed by Barker (1977) and (1978). The stability of the
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initial crack growth in the SRCN specimen has been observed in
many materials (metals, ceramics and rocks).

An important feature of the new CNT geometry is the exter-
nal reduction of excess released strain energy achieved through the
Reverse Direct Tension Device (see next section). By not using a
ball-joint system, a negative (closing) moment is generated that
oppose the opening load, in the sense of reducing the Kj—factor,
and thus increases the specimen stability.

Figure 5.1 shows the schematic of the CNT geometry. The
beam-like configuration of the CNT specimen is conveniently mod-
eled using a one-dimensional beam on elastic (Winkler) foundation
model in Kanninen (1973). The Winkler foundation is used to
model the uncracked area of the specimen which allows the deter-
mination of a theoretical compliance function valid over the range
0 £ a £ 1. The geometry and boundary conditions used in this
analysis is shown in Figure 5.2. Due to the special loading arrange-
ment, the load can be decomposed into an opening load F and a
closing end moment M(F). For a linear elastic homogeneous mate-
rial, superposition can be used to treat the combined loading as the
sum of two separate load cases.

The governing differential equation for the beam deflection w(z)
is

_df_z_v_ + 4\ (z)H(z)w =0 (5.3)

dz* - )
where H(z) is the Heaviside step function. For a chevron notch
b increases with increasing z, or alternative (a — a,) as shown in
equation (5.2). Using the definitions in Kanninen (1973) of A and
k, the foundation modulus, given that the initial crack length o, =
0.332, A(z) is derived as:

1.922 7 z \1/4

where R is the core radius and W the specimen length.
Unfortunately, equation (5.3) has no unique solution and it is

therefore necessary to apply some numerical technique to solve it.

In this study, a constant value of A(z) was taken as a approximation
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Figure 5.2: Beam on elastic foundation model of CNT specimen.
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to estimate the stress-intensity-factor and the compliance for the
CNT specimen. A closed form solution of equation (5.3) can then
be obtained. The (a — a,) dependence is incorporated in a more
arbitrary way, described below, by computing a function Y, based
on known specimen compliance properties.

Applying the boundary conditions in Figure 5.2, the specimen
compliance, Cont = @/(E'R), is derived. ¢ is a non-dimensional
compliance function and E’ the effective elastic modulus. Then by
using the LEFM relationships between the energy-release-rate and
the compliance of the specimen, G = F?(dC/da)/2b, and the equiv-
alence between the stress—intensity—factor and the energy-release-
rate, K2 = GE', the net stress-intensity—factor is given by the sum
of contributions due to the opening load and the closing moment

load as:
KNT = KENT _ KGNT (55)

The K-expression for the CNT is ultimately given by:

F 0.908 _
KO = o (e wi) ~ Yalawin)] ) (5

The two shape functions Yz(a, w/R) and Yp(a, w/R) are given as:

YF = a(W/R)C3C1 + Cz(n:-l) (57)
a?(w/R)?C% + 2c(w/R)C3Cq(n=1) + Cl)

Yy = Ci (5.8

M ( 2a(W/R)C3 + 202(n=1) ! ( )
in which
sinh? Ac + sin? Ac
G = sinh® Ac — sin’ Ac (5-9)
_ sinh Accosh Ac + nsin Accos Ac

Caln) = sinh? Ac — sin® Ae (5.9b)
C; = 1.922) (5.9¢)

In equation (5.9a) and equation (5.9b) Ac = C3(1 — a)(w/R) and X
is the estimated constant value of (z/W)Y4.

It is easily seen that if the Y); term is excluded an ordinary
(SRCN) test is modeled. So a convenient way to estimate X is to
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normalize Yr(a) with respect to a reference function Yspon(a) and
make certain that the ratio when these two functions are minimum!
is unity for the same relative crack lengths. The dimensionless
stress—intensity—factor determined by Matsuki et al. (1991) was
used as the reference function. A multiple regression analysis was
used assuring the above while at the same time minimizing the sum
of squares of the residuals. The best regression estimate of X was
found to be,

X =0.916 (5.10)

with an estimated standard deviation of 0.032. Furthermore, a
constant ) value is associated with a straight notch, i.e., a constant
b, and therefore must the derivatives of the compliancies Con7 and
Csrcn must be related as (Ouchterlony, 1984):

dCsron < dcenr

< .
Ta Ta for o, <ax<1 (5.11a)
dCsgen _ dcenr _

e - da for a=1 (5.11b)

To fulfill the requirements in equation (5.11), Y, was estimated
from the normalized shape function with the following polynomial
approximate

Y, =10.14(1 — 6.46a + 17.410* — 20.960° + 9.50a*)  (5.12)

as the best fit.

Figure 5.3 shows the non-dimensional stress-intensity—factors
as a function of crack length for the CNT geometry and, dashed
line, KENT, for an aspect ratio W/R = 2.9. The figure clearly
reveals the dependence in the CNT geometry on a. For short
crack lengths, a < 0.4, the curve decreases steeply for increas-
ing crack lengths and stable crack propagation should be expected

1For a SRCN specimen the fracture toughness is computed for a mimma in
the shape function Y occurring at a critical crack length a.. For a material
with flat R—curve a. is a unique value. It is worth to notice that K ~ Y ~
(dC/da)*/2.
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Figure 5.3: Non-dimensional stress-intensity—factors as a function

of crack length for the CNT geometry and, dashed line, K¢N7 for
an aspect ratio W/R = 2.9.

through the very negative 3G/0a. In the intermediate regime of
crack lengths, 0.45 < a < 0.75, the curve gradually changes slope
to a slight increase and a propagating crack is expected to arrest.
For longer crack lengths, a > 0.8, a decreasing portion of the curve
is entered which indicates a second regime of possible stable crack
growth. For very long crack lengths, the effect of the closing mo-
ment is maximum and for a material with a flat R— curve, equation
(5.6) predicts a high value of F necessary for continued cracking.
Since the specimen at this point is very compliant, a large force
is difficult to obtain quickly in a controlled test situation, and a
propagating crack will arrest.
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This interpretation of the K analysis is possible if the theoret-
ical range of validity, i.e., the interval 0 < a < 1, is true. However,
as was found out in the experiments, see below, questions about the
accuracy of the model for long crack lengths can be raised. Nev-
ertheless, the CNT geometry is greatly improved, in the sense of
promoting stable crack growth, compared with the ordinary SRCN
specimen, represented by the dashed curve in Figure 5.3. For the
latter, stable crack growth is only possible when a < 0.55, where
after the positive 0G/0a encountered contradicts stable propaga-
tion.

Proceeding just as above, ¢ was also obtained. This makes it
possible to determine the normalized GSF for the CNT for the case
of displacement control as (DeFranco and Dempsey, 1993):

WG _ 84/00> _ 34/0a
G9a~ 0/o b

without consideration of the compliance of the loading device. The
normalized GSFs for the CNT, the Double Torsion (DT) geometry
(Parsons et al., 1989) and the Reverse Tapered Crack Line Wedge
Loaded (RTCLWL) geometry (DeFranco and Dempsey, 1993) are
shown in Figure 5.4. All geometries show negative GSFs for all
crack lengths. However the RTCLWL (for long crack lengths) and
the CNT (both for short and long crack lengths) are extremely
favorable in the sense of promoting crack growth stability even for
stick-slip cracking materials. Similar theoretical predictions of the
fracturing behavior of the CNT can be made from Figure 5.4.

GSF =

(5.13)

5.5 The S1 ice microstructure

Freshwater ice cores were collected from a pond formed in an aban-
doned limestone quarry, near Clarkson University, Potsdam, NY,
during February, 1992. The average ice thickness was 450 mm. An
interesting feature of this ice was found in each core: at approxi-
mately 200 mm from the ice surface a 50 mm thick bubble layer
existed. The small bubbles were evenly distributed and made the
ice opaque. At this location the ice was evidently saturated with
air bubbles and air channels (Fransson and Stehn, 1993) but what
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Figure 5.4: Normalized geometry stability factors (GSF)s for the
DT, RTCLWL and CNT fracture geometries.
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caused this is unclear. Nevertheless, this layer did not cause any
obvious influence on the ice properties. The very warm ice pieces
(air temperature +0°C) were wrapped in plastic, transported to a
cold room at Clarkson and stored at -15°C to -20°C for two months.

The non-turbulent waters of the pond had produced macro crys-
talline S1 ice, as defined by Michel and Ramseier (1971), composed
of irregularly shaped columnar crystals with vertical or near-vertical
c-axis orientation. The grain size showed an increase with depth,
from 6.8+0.7 mm at the top (below the approximately 70 mm thick
fine grained snow-ice layer) to 10.8+1.6 mm near the bottom. The
columnar macrocrystalline feature of the natural S1 ice is presented
in Figure 3.3 which shows both (a) vertical and (b,c) horizontal thin
sections.

The c-axis orientation of three different cores was measured at
three different depths from horizontal thin sections using a Rigsby
universal stage (Langway, 1958). A stereographic projection at each
level of these c-axes are shown in Figure 3.4. The first level was
approximately 50-70 mm from the top (99 grains measured), the
second 120-160 mm from the top (95 grains) and the third was
located 180 mm from the top (35 grains). In the first level 73 % of
the grains were found to be vertical or near-vertical (to within 20
degrees inclination of the c-axis from vertical), in the second level
87 % (to within less than 15 degrees) and in the third level 97 %.
Thus, it is evident that the c-axes of most grains was randomly
and vertically or near-vertically oriented which is, by definition, S1
type ice.

The density was measured at approximately the same levels as
the c-axis measurements by recording the mass of a known volume.
The mass was measured on a digital scale with an accuracy of 0.1
g and volume was measured using digital calipers accurate to 0.01
mm. The average density was 906 +10 kgm—2 at -16°C

5.6 Experimental setup

The ice pieces were removed from the storage freezers and placed
in the specimen preparation cold room at -16°C (which was also
the specimen preparation temperature). The length and chevron
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Test | D/W | ao/W | (W,a,)/day
# | (mm)
CNT1 | 198/287 | 0.32 | 32,10
CNT2 | 198/285 | 0.33 | 32,11
CNT4 | 198/285 | 0.33 | 25,8
CNT5 | 198/285 | 0.33 | 30,10
CNT6 | 198/284 | 0.34 | 32,11
CNT7 | 198/286 | 0.30 | 30,9

Table 5.1: CNT test data

angle for the CNT was formed by a band saw. The proper angle,
27.3°, was ensured by using a simple notch cutting fixture similar
to that described in ISRM (1988). Each finished specimen had a
diameter D= 198 mm and a length of approximately W = 1.44D
(Table 5.1). The crack orientation and propagation direction were
kept perpendicular to the plane of the ice sheet, i.e., a vertical crack
propagating vertically downwards in the direction of crystal growth.
The special groove, to fit the endcaps of the test device, in the front
face of the specimen was milled by a 20 mm vertical endmill.

The CNT experiments were performed using an apparatus based
on the reverse direct stress testing system of Cole and Gould (1990).
The original concept of Cole and Gould was modified for testing ice
plates instead of ice cores; this development and implementation of
the modified reverse direct tension device (RDTD) was conducted
by the third author (JPD) and coworkers at Clarkson University
over the past three years. The experimental setup is shown in
Figure 5.5.

The RDTD has a distinct advantage over typical ball-joint sys-
tems used by others in that the direction of applied stress can be
cycled with no backlash (Cole and Gould, 1990). Additionally,
inevitable specimen misalignment is accounted for in this setup.
These advantages are accomplished through a three part apparatus
(Figure 5.5): i) the collet assembly (arrow A); ii) the circumferen-
tial clamp (arrow B); and iii) the endcap (arrow C).

Two collet assemblies are each fixed to the testing frame (ram
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Figure 5.5: The experimental setup. A CNT specimen is ready for
testing using the Reverse Direct Tension Device RDTD.
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and load cell) and have individual plates which are compressed
against the bearing race by circumferential hydraulic clamps. The
clamps each have four inner O rings and four outer PVC retainer
rings (rectangular cross section) which compress against the collets
when pressure is applied. A spherical bearing in the endcap corrects
for misalignment of the specimen once the endcap/specimens are
installed. System pressure is applied by an Enerpac hand-operated
hydraulic pump. The reader is referred to Cole and Gould (1990)
for specific details of the RDTD.

In this study, the endcaps were affixed to the ice plates by the
following method: the phenolic plates (arrow D in Figure 5.5) were
initially soaked in room temperature water (note that the phenolic
is permanently bonded to the aluminum endcaps). The endcaps
were then placed in the cold room for approximately 5 to 15 minutes
in order to cool. Very cold fresh water (= 0°C) was jetted by an
eyedropper onto the phenolic of one endcap which was immediately
attached to a CNT specimen. A very good bond formed after a few
second (interestingly, the bond could only be broken by melting
the cracked specimen after each test). The attached endcap was
then placed in the lower collet (already mounted on an Instron
8500 testing frame). Attaching the upper endcap was slightly more
difficult. The upper endcap was placed in the upper collet and
the crosshead was lowered so that the phenolic and CNT specimen
were very close. Contact was made using the manual positioning of
the ram; no loading was applied to the specimen during this phase.
After contact was made, cold water was jetted around the phenolic
in order to form the upper bind. No specimen broke at this bond.

A sharp crack was created approximately 20 minutes prior to
the test by scribing the notch with a fine tooth saw-blade. The
crack tip opening displacements CTODs and crack opening dis-
placements CODs were measured during the fracture experiments
using a procedure similar to that described in Wei et al. (1991), in
which the error estimates using this technique can be found. A Ka-
man KD-2810-1U non-contacting displacement gauge (measuring
range 25+ 0.025um) was frozen onto the specimen surface ahead of
the notch and a Kaman KD-2310-1U measuring the CODs (measur-
ing range 1000+ 0.1m) was positioned so the line of measurement
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of the Kaman gauge coincided with the line of loading for the end
caps (at approximately 30 mm from the front face). Thus, the COD
coincides with the load line displacement érrp.

The load and transducers readings were processed by a Keithly
Series 500 analog-to-digital converter connected to a Gateway 200
model 486 /33 microcomputer. Data was received at the rate of 600
Hz for test times ranging from 20 to 60 seconds. All tests were
performed on an Instron 8500 digital testing system under stroke
control. The stroke rate for each test was 0.01 mm s~! and the test
temperature -16°C.

5.7 Test results

Figure 5.6(a) to Figure 5.11(a) shows the F' versus 6, plot for
specimens CNT1 to CNT7. In this case 6,; |aq—0= CTOD is defined
as the near crack tip opening displacement since the gauges were
attached to the specimen surface at a distance of 100 mm from
the initial crack tip. It is thus expected that the measured §,;
values are larger than true CTODs due to the incorporated effect of
elastic deformation. The changes of slope are associated with crack
jumps where the crack extension occurs under decreasing load. This
definite change in slope is also evident in the F-time and 6,;~time
spaces (Figure 5.6(b) to Figure 5.11(b)). The non-zero (positive)
intercept on the F-axis of each linear portion in the F-6é,; plots
indicates the presence of crack closure forces.

This specimen promotes stable crack extension over uncharac-
teristically large portions of the initial uncracked ligament; in one
case (CNT4), as many as 15 crack jump events were visible and
an unstable fracture never occurred. This is contrary to previous
attempts (DeFranco and Dempsey, 1990) where only a few crack
jumps was observed and then for very long crack lengths. The
crack extension was in all cases essentially planar. Only the first
third (20 or 30 seconds) of the experiments are shown in the Fig-
ures. For very long crack lengths (a > 0.85) slow, almost continu-
ous, cracking with short crack jumps was observed. At this point,
a specimen is very compliant so the necessary load to completely
split the specimen could only be reached by increasing the stroke
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Figure 5.6: (a) Load versus ,; plot (CNT1). Note that 6ns |aa—0=
CTOD; and (b) Normalized load (F/F.y) and normalized near
crack tip opening displacement (8,:/6ntmax) versus (test) time.
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rate to 0.1 mm s~! and then only after approximately 40 seconds.

By taking the first linear slope, C,, of the load-load line dis-
placement curves, the effective elastic modulus was obtained (Table
5.2); the values were computed as E' = ¢,/(C.R). The approxi-
mate initial stress-intensity rate K varied between 20 to 90 kPa
Vvms

Visual crack length measurements on freshwater ice can rela-
tively easily be performed because of its transparency. In general,
visual methods have two main disadvantages: the limited accuracy
and that only the traction free crack length can be measured. In
this study, the traction free crack length was used, hence, the pro-
cess zone attached to the crack tip is considered to be of negligible
size. In support of this are the linear F*-6,; plots and the apparent
affinity of the rotation axis and the crack tip for freshwater ice at
these loading rates (Weber and Nixon, 1991).

The S1 freshwater ice tested was very clear, with the exception
of the above mentioned 50 mm thick bubble layer. Before each
test, the specimens were polished by gently melting the surface to
obtain transparency. The crack growth was slow enough to be vi-
sually observed; each crack jumps could clearly bee seen during
the test and the length was marked on the specimen surface. The
accuracy of these marks are probably +1mm. The fracture sur-
faces were then visually examined. The surface was fairly smooth
with lines, perpendicular to the crack propagation direction, ex-
tending over the whole width of the notch. These lines represent
crack arrest/initiation lines and by correlating the marks on the
specimen surface with the matching crack arrest/initiation line, the
crack length could be obtained. By the CTOD measurements, each
crack jump identified on the fracture surface could then be corre-
lated to the current load. On one split specimen (CNT4), a fracture
replica was made by dropping a solution (4% Formar in ethylene
dicloride) on the fracture surface. Formvar solutions have previ-
ously been used (Wei and Dempsey, 1991) to duplicate the surfaces
of ice. Fractographic examinations were then conducted on the
replica were the crack arrest/initiation lines could be identified by
a distinct line from where river pattern extended. Figure 5.12 shows
a section of the replica photographed at 13X with an Olympus zoom
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Figure 5.12: The characteristic of stick-slip cracking of CNT frac-
ture photographed using an optical microscope on a replica of a
fracture surface (CNT4); crack arrest and initiation lines (A and B)
are identified. A crack jump of roughly 5 mm (scale in mm) is
visible. The arrow indicate the crack propagation direction.

stereo SZ-PT microscope. River patterns form because of the mul-
tiple cleavage steps that is created when an extending crack passes
a grain boundary or when an arrested crack is re-initiated because
the crack may have to propagate in a slightly different orientation,
Broek (1986). The crack jump lengths were then measured using
the optical microscope and were found to coincide almost exactly
with the visually measured lengths. At this point it is important
to point out that scatter and uncertainties in the results are ex-
pected due to the large grain size of the S1 ice. This is indicated
by the small ratio of specimen size to average grain size (Table 5.1)
obtained in these tests. It can be speculated that the scatter typi-
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cally observed in S1 ice testing is due both to specimen size effects
and crack tip location vs. the contiguous microstructure prior to
crack initiation. When the fracture specimen is too small with re-
spect to LEFM constraints and relative to the grain size, it is notch
insensitive and a representative fracture event is not measured (
Dempsey, 1989; Dempsey et al., 1992; and Parsons et al., 1993).
When there are too few grains in the notch cross—section, the full
confining effect imposed by neighboring grains (polycrystallinity)
is not mobilized. Additionally, if the initial notch or arrested crack
ends within a grain, the local orientation of that grain may in large
part determine the energy needed to initiate and propagate a crack.

5.8 Fracture resistance of S1 ice

The experimental results are summarized in Table 5.2 where F7 is
the crack initiation load used in equation (5.6) to calculate the ini-
tiation fracture resistance Kpry and F}, is the crack arrest load that
corresponds to Kp4. The stick—slip fracture behavior was similar
for all specimens and is in agreement with that observed previ-
ously on freshwater ice (DeFranco and Dempsey, 1990) and on cold
sea and saline ice (Parsons et al., 1988, 1989; and DeFranco and
Dempsey, 1993). In all cases the slope of the F-§,; curve is linear
up to the initiation load where crack initiation occurs causing a
crack jump, i.e., an unstably propagating crack, and a subsequent
crack arrest at a lower load. It is interesting to note the similarity
of the crack length and crack jump length between the individual
specimens (Table 5.2) and that these coincide well with the theory
(Figure 5.3 and Figure 5.4).

The fracture resistance K p—curves for all specimens are shown in
Figure 5.13. Immediately obvious from these curves is the overall
decreasing trend of Kz with amount of crack growth. In other
words, a negative Kp—curve is observed. However, there are two
points that need to be specified concerning the interpretation of the
test results: First, for a chevron notched geometry it is important
to note that a stress—intensity—factor is not defined at a = a, due
to the sharp apex of the notch, see Figure 5.1. Therefore, the load
at the second abrupt load drop (shown as B in Figure 5.9a) is
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# E a/Aa F (N) | Kp (kPay/m)
(GPa) | (mm) I A I A

CNT1 | 109 |112/0 | 1296 215
204/92 476 72
154/0 | 737 97

CNT2 | 154 [212/58 | 481 |437| 74 | 68
242/88 | 701 | 396 | 55 | 31
146/0 | 579 78
165/19 | 621 [525( 82 | 70
190/44 | 575 |531| 82 | 76
CNT4 | 10.0 |201/55 | 704 | 525|106 | 79
212/66 | 561 | 510 | 87 | 79
226/80 | 575 | 525| 89 | 81
'232/86 | 409 | 379 | 61 | 57
146/0 | 553 74
164/18 | 550 [ 390 | 73 | 52
CNTS | 9.1 |[200/54 | 287 |230| 43 | 34
217/71 | 162 | 155| 25 | 24
233/87 | 219 | 150 | 33 | 22
152/0 | 441 59
154/2 | 634 |415| 84 | 55
CNT6 | 11.4 |189/37 | 651 | 408 | 93 | 58
217/65 | 333 | 333 | 52 | 52
232/80 | 343 | 244 | 52 | 37
126/0 | 979 142
CNT7 | 10.9 |220/94 | 447 [447| 70 | 70
241/115 | 374 | 342 | 52 | 47

Neote: L:initiation; A:arrest

Table 5.2: CNT fracture resistance results
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used as the first initiation load Fj corresponding to the first Kp
value in the plots in Figure 5.13. The first crack initiation event
(shown as A in Figure 5.9a) corresponds to the load to generate
an initial crack front width b. Typically, these first crack jumps
were 40 mm long. Secondly, the practical limits of equation (5.6)
for longer crack lengths is undetermined. By first analyzing all
data it was found that for crack lengths longer than a =~ 0.85 Kg
decreased very steeply with increasing Aa leveling out at values
in the order of 10 kPay/m, and in some cases, even less. This
abrupt change of slope in the K- curve is not likely caused by any
material behavior; instead, the range of validity for equation (5.6)
was probably exceeded.

Due to these reasons; the first crack 1mt1at10n event and all
events occurring for relative crack lengths greater than o =~ 0.85
are not included in this paper.

5.9 Conclusions

To overcome previous difficulties in obtaining stable cracking in
freshwater ice, a new crack geometry was developed. The short rod
Chevron Notched Tension (CNT) specimen was found to be ex-
tremely favorable in the sense of promoting stable stick-slip crack
growth on freshwater ice at -16°C over a large portion of the un-
cracked ligament. Unstable fracture never occurred; the incremen-
tal crack extension took place along the whole notched ligament.
For very long crack lengths (a > 0.85) slow, almost continuous
cracking with short crack jumps was observed. A characterization
of the fracture resistance curve was therefore possible. In all cases,
the slope of the F-6,; curve was linear up to the initiation load
where crack initiation occurred causing a crack jump, i.e., an un-
stably propagating crack, and a subsequent crack arrest at a lower
load. To re-initiate the crack again, a higher load was needed. How-
ever, the re-initiation loads declined with continued crack growth
indicating a negative Kr versus Aa behavior as shown in Figure
5.13.

The brittle (cleavage) stick-slip fracture behavior was studied by
fractography and is in agreement with that observed previously on
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Figure 5.13: The K-resistance curves (fracture resistance, KRg, ver-
sus amount of crack growth, Aa) for freshwater ice at -16°C.
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freshwater ice (DeFranco and Dempsey, 1990) and on cold sea and
saline ice (Parsons et al., 1988, 1989; and DeFranco and Dempsey,
1993). The reasons that incremental cracking is observed on cold ice
could be explained by the negative Kp—curve found in these tests.
The difficulties of obtaining stability to date may be due to the
inability of the previous fracture geometries (including possibilities
of a too compliant loading system) to accommodate the negativity
of the Kp—curve. However, the positive Kr—curve reported in De-
Franco and Dempsey (1993) indicates that stable cracking in warm
sea ice and saline ice (a model sea ice) may more easily be achieved.

Due to the large grain size, the specimen size range (Table 5.1)
was probably not sufficient to reduce the scatter and ensure notch
sensitivity and polycrystallinity.
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