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ABSTRACT. Crack propagation in saline ice (a model sea ice) is investigated in 
this study in an attempt to understand the processes of crack growth at one loading 
rate and two temperatures . As has been previously observed in cold sea ice and warm 
or cold fresh-water ice, crack growth occurs in initiation/arrest increments. The 
energetic stability criteria of crack growth are examined in saline ice and crack 
growth is characterized in terms of the fracture-resistance parameter KR. This paper 
offers the development of a new fracture geometry capable of sustained stable crack 
growth and the presentation of fracture-resistance curves for saline ice at -25° and 
-15°C. The important findings of this paper are that: (i) in warm saline ice, 
extensive local crack-tip damage is accompanied by a limited amount of slow, stable 
crack extension; (ii) fracture in cold saline ice is characterized by locally negative KR 
behavior; and (iii) fracture in cold or warm saline ice is characterized by globally 
positive KR curve behavior. 

INTRODUCTION 

The primary failure mechanism of Arctic ice sheets is 
fracture. Crack initiation and propagation in ice sheets 
form the basis of many models of ice structure/interaction, 
the formation of pressure ridges, rubble fields and leads as 
well as the acoustic emission associated with field-scale 
deformations of ice. Fracture is generally taken for 
granted in the aforementioned models due in part to 
the limited amount of relevant studies in the ice literature. 
Consequently, little or no emphasis has been placed on 
quantifying the specific physical mechanisms of cracking 
In Ice. 

Recent investigations into ice-floe splitting (Bhat, 
1988; Bhat and others, 1989) used the finite-element 
method to investigate the failure of summer ice floes 
through splitting and eventual clearing of the ice floe 
following impact with an offshore structure. The crux of 
the analysis by Bhat (1988) is the assumption that a 
single, large crack will form and grow stably until a critical 
length is obtained. At the critical crack length, unstable 
extension of the crack occurs, allowing complete unload­
ing of the structure. During stable-crack extension, the 
load that the structure must resist is assumed to increase 
mono tonically until a maximum load, which corresponds 
to the onset of unstable fracture, is reached. However, no 
specific material parameter allowing or disallowing stable 
fracturing is included. Additionally, assuming a crack can 
propagate slowly in ice, when does the onset of unstable, 
rapid cracking occur? 

Thermal fluctuations, and the effects of ocean currents 
and winds, all build up internal stresses within an ice 
sheet. These stresses are relieved by the formation of 
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pressure ridges, rubble fields and leads. Assur (1963) 
discussed his so-called "long-wave cracks" which possess 
sufficient kinetic energy to extend rapidly for hundreds of 
kilometers, propagating through first-year as well as 
multi-year pressure ridges. Assur also noted that the 
"long-wave cracks" completely disregard the thickness 
and shape of ice floes in their crack path, cutting right 
through them. As in the previous example, the processes 
associated with the formation and propagation of long­
wave cracks were not specified. 

Currently, studies are being performed in order to 
relate recorded acoustic emission events to the occurrence 
of crack formation in Arctic ice sheets (Dyer, 1988; 
Farmer and Xie, 1989; Xie and Farmer, 1991 ). Farmer 
and Xie (1989) used theory developed for earthquake 
engineering which is relevant to ice cracking, albeit on a 
much larger scale. To model their recorded data, 
cracking is assumed to occur incrementally; crack growth 
of this type is usually called "stick- slip" or incremental 
cracking, and in earthquake mechanics is assumed to be 
controlled by the narrowest dimension of the crack plane. 
I t is important to note that "stick-slip" cracking has been 
observed previously in experiments on fresh-water and sea 
ice. 

The aim of this paper is to investigate cracking in 
saline ice at temperatures above and below the eutectic 
point of -21.2°C for this ice and at a slow loading rate. 
The primary objectives are (I) to examine the geometric 
conditions under which stable cracking can and cannot 
occur, and (2 ) to establish a crack initiation/propagation 
parameter which is capable of delineating the stable to 
unstable transition which occurs during crack growth. In 
the context of this paper, it is understood that, prior to 
crack initiation, there may be sub-critical crack growth 
for KI < K!c . This paper does not address sub-critical 
cracking nor does it address any effects of crack healing. 
The term "stable crack growth" here implies quasi-static 
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crack growth which would arrest if the applied loads were 
released. 

CRACK-INITIATION AND PROPAGATION 
PARAMETERS 

Catastrophic crack propagation may, depending on size 
scales involved, be quantified by the plain-strain fracture 
toughness KIc - a parameter which describes the unstable 
initiation of a crack and is, by definition, a material 
property. During ice/structure interaction, however, 
contact between an ice sheet and an offshore structure 
often results in the accumulation of damage in the contact 
zone. In some cases, a limited amount of slow crack 
growth may occur under increasing load before unstable 
crack extension and ultimate failure of the ice sheet. This 
type of fracture cannot be quantified solely by K!c; 
instead, a different approach based on the energy­
absorption capability of the material with crack growth 
is necessary. The fracture resistance or so-called R-curve 
method is an appropriate parameter as it measures 
directly the energy needed for crack growth. 

Irwin and Kies (1954) discussed several anomalies 
associated with fracture instabilities in metal plates; often, 
during the loading of cracked plates, load vs displacement 
curves of these plates were linear until near the peak load. 
Near the peak load, limited ductility occurred followed by 
rapid fracture of the plate. In other instances, a large 
amount of ductility was observed prior to unstable 
cracking of the plate. To account for these quite different 
behaviors, it was postulated by Irwin and Kies (1954) 
that the work rate of fracture R = oW loa, where W is 
the fracture work and a is the current crack length, is a 
continuously decreasing function of the crack length. The 
work rate of fracture is also called the fracture resistance 
of the material and represents the energy dissipated at the 
crack tip during fracture . If the strain-energy release rate 
Gc (the crack driving energy arising from applied 
mechanical energy) increases with crack length while 
the fracture resistance decreases, the increasing amount of 
energy in the system causes increased crack speed leading 
to a change from ductile tearing to rapid fracture. For 
continued stable cracking, Irwin and Kies presumed a 
near match of G and R must exist. In a later paper, an 
ASTM Special Committee Report (1960) altered the 
previous fracture-resistance concept to include the 
possibility of increasing fracture resistance with crack 
extension. Implications of both increasing and decreasing 
R with crack growth as well as the geometry dependence 
of Gc will be examined in detail in a later section. 

With regard to ice fracture, many studies exist in the 
literature concerning loading rate and temperature effects 
on the initiation toughness KIc of ice; crack propagation 
and crack-growth stability, however, have received only 
limited attention (Dempsey and others, 1986; Bentley, 
1988; Parsons and others, 1988, 1989; DeFranco and 
Dempsey, 1990, 1991; Stehn, 1990, 1991 ). The difficulty 
in performing crack-propagation experiments in ice is not 
generally appreciated, as non-standard fracture-test 
specimens must be used in order to obtain conditions 
conducive to stable crack growth. Dempsey and others 
(1986) and Bentley (1988) used the tapered double-
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cantilevered beam specimen. Parsons and others (1988, 
1989) used the constant K double-torsion (DT) geometry 
in order to study slow crack growth in ice while DeFranco 
and Dempsey (1990) used the compression-loaded double­
cantilever beam geometry or CFDCB (Kendall, 1978) to 
examine crack-growth stability in S2 fresh-water ice. 
Using Kanninen's (1973) idealization of the uncracked 
ligament as an elastic Winkler foundation, DeFranco and 
Dempsey (1990) explained the crack-length effects 
observed by Kendall (1978) during fracture tests on 
several brittle materials. Recently, the round chevron 
notched specimen (used frequently for fracture studies on 
rock) was used for fracture experiments on brackish sea 
ice (Stehn, 1990, 1991). Despite the attempts by the 
previously mentioned studies to produce stable cracking 
in ice, all reported incremental or so-called "stick-slip" 
cracking. "Stick-slip" cracking consists of unstable crack 
initiation followed by sudden crack arrest. To restart 
cracking, the applied load must be increased. The reasons 
for "stick-slip" cracking can, in part, be explained in 
terms of the shape of the fracture-resistance curve with 
crack extension and its dependence on crack velocity; 
additionally, the occurrence of stable cracking is partially 
dependent on the experimental geometry. 

CRACK-GROWTH STABILITY BY R-CURVE 
ANALYSIS 

For a crack to propagate in a medium, the crack-driving 
energy G = aUt! aa, where Ut is the total mechanical 
energy, must equal the material's resistance to fracture R. 
In a purely brittle material, R consists solely of the energy 
required to create new surface area or R = 2,. This 
condition is known as the Griffith criterion and is often 
written as Gc = 2,. In ice, however, polycrystalline effects 
as well as creep effects at the crack tip cause the 
experimentally determined critical energy-release rate 
Gc to be higher than the specific surface energy. Gold 
(1963), in a pioneering study, calculated the strain-energy 
release rate at crack arrest for fres~-water columnar ice 
using a thermal-shock technique in order to induce cracks 
in the ice. He found that at arrest, G~est ranged from a 
minimum of approximately 0.20J m-2 to a maximum of 
approximately 4J m-2 depending upon the size of the 
segments between the thermally induced cracks. Dempsey 
and others (1989) measured the critical energy-release 
rate G!c of fresh-water columnar ice using a wedge-loaded 
compact tension specimen finding an ultimate plateau GIe 

ofO.60J m-2 for the largest size tested. For ice, the specific 
free-surface energy "f along an easy cleavage plane of a 
pure fresh-water single crystal at O°C is given by 
"fSY = 0.109J m-2; the associated energy along a grain 
boundary is given by "fgb = 0.065J m-2 (Ketcham and 
Hobbs, 1969). These values for the surface energy were 
determined from groove-angle measurements and may 
not represent the true fracture energy released during 
fracture of a single ice crystal. Further, the data of 
Dempsey and others (1989) on S2 columnar ice are 
polycrystalline values representing the coupled behavior 
of a collection of ice crystals - in terms of size, these data 
reflect the size of the test specimen used and may be 
unrepresentative of large-scale field behavior as well as for 
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a microcrack precursor on the microstructural scale. 
Given that ice is not an ideally brittle solid, the Irwin­
Orowan generalization of the Griffith equilibrium 
condi tion is Gc = R (often wri tten as Gc = 2r). 

While the equality of the driving and resisting energies 
is a necessary condition for crack growth, the rate of 
change of driving energy must be less than the rate of 
change of fracture resistance for the crack growth to be 
stable: 

G = Rand (1) 

The implications of Equation ( I ) are illustrated in Figures 
I and 2. Ductile materials such as metals and quasi-brittle 
materials such as concrete, ceramics and rock often 
exhibit rising R-curve behavior; in other words, the 
resistance to fracture increases with crack growth L1a. An 
increasing R curve is often characterized by a rapidly 
increasing fracture resistance which levels off to a constant 
fracture resistance, independent of crack length. This 
constant fracture resistance is size-independent and is 
assumed to be a material property. The physical 
mechanism which causes increased resistance depends 
on the particular material; in metals subjected to slow 
loading, for example, the stress intensification caused by a 
crack is limited by the yield strength and therefore crack 
extension only occurs following local yielding, void 
growth and coalescence in the inelastic crack-tip zone 
(or the so-called fracture-process zone). It is important to 
note that metals (as well as concrete and rock) subjected 
to impact loading may fail by brittle, catastrophic 
fracture; in this paper, only qu asi-static loading rates 
are considered, thus the example of crack-tip yielding in 
metals serves simply as a contrasting failure mechanism 
which is not relevant for ice. For concrete, material non­
homogeneity results in an increased fracture resistance 
due to aggregate interlock, microcrack formation, crack 
branching, fiber bridging and mortar/aggregate-interface 
cracking. 

The driving energy G is dependent on the shape of the 
body, the current load P and crack length a. In Figure 
I a, a hypothetical rising R curve is shown together with 
G curves representing the crack-driving energy with crack 
growth for a positive geometry. A positive geometry 
(Plan as and Elices, 1990) denotes positive 8G / 8a 
behavior which is exhibited by standard fracture­
mechanics test geometries such as the three-point and 
four-point bend and the edge-cracked uniaxial tension 
specimen. At a constant load PI, the associated driving 
energy G I intercepts the R curve at a crack extension 
L1a, ; at this load, the crack has extended stably an 
amount L1a, such that the crack length is now 
al = ao + L1a, . This trend continues until the peak load 
Pmax where, due to tangency of the G and R curves, 
Equation ( I ) is violated and catastrophic failure of the 
body occurs by unstable fracture at a critical crack length 
ac = ao + L1ac . Despite the increasing R curve, the 
positive geometry is incapable of characterizing the 
whole R curve for this material. In this hypothetical 
case, a larger specimen size is needed in order to reach the 
plateau - the size-independen t fracture resistance which 
characterizes the fracture of large, field-scale structures. 
Peck and others (1985) found that for various types of 

(a) 
P ..... 

Fig. 1. Fracture behavior using posltwe vs negative 
geometry with a positive R-curve material: (a) positive 
G; (b) negative G. 

p .... (a) 

.::::=-=---- R-curve 

(b) 

:------ R-curve 

(c) 

~-+----lt- R-curve 

Fig. 2. Fracture behavior using positive vs negative geometry 
with a negative R-curve material: (a) positive G; (b) 
insufficiently negative G; ( c) sufficiently negative G. 

rock, the amount of stable crack growth needed to reach a 
plateau fracture resista nce was several times the grain­
size. For example, for Dresser basalt (grain-size of 0.04 
mm) , the requisite crack growth for a plateau resistance 
was found to be 500 times the grain-size. If ice behaves 
similarly, and due to the huge grain-size relative to rock, 
a specimen made from ice having an average grain-size of 
say IS mm would need to be at least 7 m long. In the 
Arctic, where grains of sea ice can be on the order of 
100 mm, a fracture specimen would have to be at least 
50 m in length. Obviously, a laboratory fracture specimen 
will be greatly sub-sized and a steady-state fracture 
resistance may well not be achievable. 

Stable crack growth is always achieved for materials 
characterized by a rising, or flat R curve by means of a 
negative geometry (i.e. negative 8G / 8a behavior; Fig. 
Ib) . A geometry exhibits negative 8G/8a behavior either 
by shape influences on the specimen compliance or by 
artificially stabilizing the geometry with ductile straps 
(Mai and Atkins, 1980). In Figure 1 b, G curves from a 
negative geometry are shown. By the same arguments as 
before, at various constant loads PI through P4 , crack 
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growth is always stable as Equation (I ) is never violated. 
In this case, the fracture geometry allows sufficient crack 
extension for the plateau fracture resistance to be 
measured. Note that a specimen-size effect is still possible 
with a negative geometry if the minimum necessary crack 
growth for the plateau R is unobtainable (Irwin, 1961) . 

Apparently, stable crack growth is easily obtained for 
materials characterized by increasing R curves by a 
judicious choice of an experimental fracture geometry; 
many materials exhibit stable cracking even with positive 
geometries, thereby requiring no special testing tech­
niques. For ice, the question remains: even with negative 
fracture geometries (stable geometric conditions), why 
does "stick-slip" cracking almost always occur? As saline 
ice (and sea ice) comprises mainly fresh-water ice, at cold 
temperatures where the brine pockets are at their smallest 
size and consequently the air pressure in the brine pockets 
is maximum, cracking will be dominated by the fresh­
water ice and will be rate-sensitive (in other words, 
decreasing fracture resistance with increasing crack 
velocityj. Large brine channels will in many cases, 
however, cause crack arrest due to the higher energy 
needed by the crack to penetrate these barriers. 
Subsequently, increased external loading is necessary in 
order to restart the arrested crack, resulting in a jagged 
load vs time record. In terms of the fracture resistance, 
following each crack-initiation event, the R curve 
decreases until crack arrest. Subsequent crack re-init­
iation occurs at a higher fracture resistance than the 
previous crack-arrest value and causes a locally decreas­
ing but globally increasing fracture resistance with crack 
growth. 

Unstable cracking in some rate-sensitive materials 
may be quantified by a negative fracture-resistance curve. 
In Figure 2, a negative R curve, which was originally 
proposed for metals (Irwin and Kies, 1954), is shown for 
various G curves. A negative R curve exhibits decreasing 
crack resistance with crack growth and may result from 
the blunting of the stationary crack tip, which, following 
initiation, sharpens during propagation and increases in 
speed. At its optimum velocity, the crack tip is atomically 
sharp and propagates at the lowest fracture energy 
necessary for propagation until the driving energy drops 
below the critical value and the crack arrests. Crack-tip 
heating may also cause unstable cracking by lowering the 
fracture resistance of the near-tip material. In Figure 2a, 
a negative R curve is shown with a positive fracture 
geometry; stable crack growth is never possible as 
Equation (I) cannot be satisfied. Only unstable crack 
extension at G = Gc is possible at the maximum load. An 
insufficiently negative set of G curves is shown in Figure 
2b. As with a positive geometry, this negative fracture 
geometry cannot satisfy Equation (1) and catastrophic 
fracture occurs at the critical energy-release rate for crack 
initiation. In order to achieve continued stable cracking, 
the fracture geometry must match the negativity of the 
R curve. In Figure 2c, a sufficiently negative fracture 
geometry enables stable crack growth over the full range 
of crack extension and complete characterization of the 
R curve. 

To date, a very limited amount of stable cracking has 
been observed in fresh-water ice but only at very long 
crack lengths (DeFranco and Dempsey, 1990). Figure 3 in 
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that paper shows the normalized G curve for the CFDCB 
geometry. Sufficiently negative derivative behavior exists 
only for very long cracks, verifying analytically the 
observed cracking as related to the proposed negative 
R curve. Additionally, DeFranco and Dempsey (1991) 
observed slow cracking at various crack lengths in saline 
ice at -15°C using a new fracture geometry, the reverse­
tapered-crack-line wedge load (RT-CLWL). The ex­
periments in that paper and the new fracture geometry 
are the basis for this work. 

In the light of the above discussion and a growing 
amount of literature indicating observations of both 
stable and unstable crack growth in fresh-water and sea 
ice, this paper addresses cracking in ice by examination of 
the equations of energetic stability as defined in Equation 
(1) with regard to specimen and testing-machine 
compliance. An R curve for saline ice is determined 
through use of a new fracture-testing geometry. Exper­
iments performed at two temperatures (-25° and -15°C) 
indicate that different fracture mechanisms are operable 
at each temperature, resulting in very different crack­
growth behavior. Possible physical mechanisms for the 
apparent temperature-dependence of crack stability are 
discussed. 

ENERGETIC STABILITY IN FRACTURE TESTING 

Gurney and Hunt (1967) noted the functional depen­
dence of C on a greatly influences crack-growth 
stability- by manipulation of Equation (1) and the 
well-known specimen-compliance relationship of the 
energy-release rate, 

(2) 

where P is the applied load, h is the specimen thickness 
and a is the current crack length, they determined for the 
case of displacement control that 

(3) 

In Equation (3), C, C' and C" are the compliance and 
the first and second derivatives of the compliance with 
respect to the crack length a. CM is the total compliance 
of the loading device, while CM = CMh, where h is the 
specimen thickness. Ideal test geometries are classified as 
having the desired "geometric stability factor" (hereafter 
referred to as the GSF) if BC j Ba was negative over an 
appropriate crack-length interval. In other words, the test 
geometry must exhibit the GSF to match the fracture­
resistance behavior (dRjdiJ.a)j R. As indicated in 
Equation (3), however, a compliant testing machine 
increases the GSF and may induce unstable fracture in 
geometries which are normally stable in a more rigid 
testing machine. The lack of stable crack growth in the 
experiments by Dempsey and others (1986) and Bentley 
(1988) reflected the dependence of testing-system com­
pliance evident in Equation (3). Due to the compliance of 
the testing carriage used for these experiments, stable 
cracking was not observed despite the use of a stable 
geometry and large specimens. 

https://doi.org/10.3189/S0022143000012326 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000012326


DeFranco and Dempsey: Crack propagation and fracture resistance in saline ice 

Example: cOInpression failure of brittle porous 
solids 

Fracture and failure of quasi-brittle materials subjected to 
compressive loading is significantly more complicated 
than the tensile fracture of a single crack. Compressive 
failure involves the nucleation, propagation and inter­
action of a large number of microcracks. However, it is 
widely accepted that, once nucleated, microcracks prop­
agate primarily as tensile (mode I) cracks in a direction 
parallel to the maximum principal compressive stress. In 
this context, an understanding of the behavior of a single 
crack may appear irrelevant. However, the understanding 
sought in this paper is a necessary first step. 

As an example, crack-growth stability for Sammis and 
Ashby's model for crack extension from a single pore or 
inclusion in an infinite solid due to axial compression 
loading and either lateral tension or compression is 
examined. Sammis and Ashby (1986) modeled the pore 
or inclusion, in the case examined here, as a cylindrical 
pore of radius a having symmetrical cracks of length l 
extending parallel to the direction of applied compressive 
stress. They determined the approximate mode I stress­
intensity factor for a cracked, cylindrical pore in an 
infinite plane to be: 

__ 1£-. [1.1(1- 2.1>') _ ,] c::: Kr - v LJ- 33 1\ 0'1 V 7ra 
(1 + £*) . 

(4) 

where 0'1 is the compressive stress applied in a direction 
parallel to the crack, >. = 0'3/0'1 (0"3 is the lateral stress), a 
is the radius of the pore and L' = l/a (l is the length of 
the crack extension). Note that >. < 0 implies lateral 
tension; conversely, A > 0 implies lateral compression. 
Neglecting machine compliance and, as K j and KR can 
be used equivalently in Equation (1 ) instead of G and R, 
respectively, the GSF is: 

GSF =~ 8K1 

K j 8£* 
1 

2£* 

3.63(1 - 2.1>') 

(1 + £*)(1.1(1- 2.1>.) - >'(1 + L·)3.3) . 

(5) 

The GSF for this model is plotted vs L* in Figure 3 for 
biaxial stress ratios A = -0.2, -0.1, 0, 0.1 and 0.2 . 
Sammis and Ashby (1986) observed from model exper­
iments on glass and PMMA that crack initiation always 

4 

~(~J~' ~ 2 
C\:) 

---... ~ 
C\:) 0 '1 
......... 

~ -0.1 

--- ).=0 ..... 
-2 

-4+-----T----.-----T~--~----; 
0.0 0.2 0.4 0.6 0.8 1.0 

L* 
Fig. 3. Ceometric stability factor (CSF) for Sammis and 
Ashby (1986) compression-failure model. 

occurred as an unstable crack "pop-in". This phenom­
enon is readily explained by examination of the GSF for 
this crack geometry: for very short cracks, the GSF is 
strongly positive, therefore stable cracking will only occur 
in a material which ' has a KR curve which rises rapidly 
enough to cope with the GSF. Glass, PMMA and most 
quasi-brittle materials have KR curves which rise 
gradually to a plateau resistance (8KR/8iJ.L* = 0). 
Consequently, a crack emanating from a cylindrical 
pore will propagate unstably after initiation to a crack 
length which corresponds to a zero GSF (i.e. 8Kr/8L* 
< 8KR /8iJ.L· = 0 for a plateau fracture resistance). For 
the case of no lateral loading (>. = 0), the GSF is zero 
(Fig. 3) at approximately L' = 0.2 which is exactlY the 
crack "pop-in" length reported by Sammis and Ashby for 
glass and PMMA. 

Finally, it should be noted that the above analysis 
ignores testing-machine compliance which in a compres­
sion test would certainly contribute to crack-growth 
instability and cause a deviation from the crack "pop­
in" length predicted by this analysis. 

Applications to ice fracture 

The application of this concept to ice was first used in 
Dempsey and others ( 1986) for a double-cantilever beam 
(DCB) specimen and later by Parsons and others (1989) 
using the double-torsion (DT) geometry. Based upon 
theoretical compliance information, the normalized GSF 
for the DCB is: 

~dG = _ 2L (2 -CM/C) (6) 
G da a 1 + CM/C 

while for the DT 

LdG 2L ( C ) 
G da = - -;; C + CM 

(7) 

where L is a characteristic geometric dimension of the test 
geometry. Apparently, crack growth in materials which 
exhibit increasing, flat or slightly decreasing (dR/ 
diJ.a) / R behavior should be stable in these configur­
ations. 

Parsons and others (1989), using the DT geometry, 
reported crack jumping in fresh-water ice at -20°C and 
in field experiments on sea ice performed at temperatures 
ranging from -25° to -15°C. Additionally, Selby and 
Miller (1975) reported crack jumping in an epoxy resin 
using a forward-tapered cantilevered-beam geometry (a 
constant K specimen). Examination of the energetic­
stability equation indicates that- "stick-slip" materials 
may possess locally negative R curves. The observed 
degree of negativity (or crack-speed dependence) of the 
R curve is partially dependent on the flexibility of the 
loading system; even extremely geometrically stable 
geometries may produce unstable fracture as previously 
mentioned. However, some remarks regarding negative R 
behavior can be made in the context of a rigid loading 
system: for example, if experiments on "stick-slip" 
materials are performed using a positive or insufficientlY 
negative fracture geometry, a lack of stable crack growth 
prior to unstable fracture would indicate the inability of 
the fracture geometry to accommodate the locally 
negative R curve. This behavior has been consistently 
observed in fresh-water ice. 
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Experiments preliminary to this study were performed 
by the authors on fresh-water columnar ice using the 
crack-line wedge-loaded (CLWL) geometry (Heyer and 
McCabe, 1972). The CLWL geometry is commonly used 
for determining the R curve of metals and is well known 
to effect slow crack growth in positive (dR/dtla)/R 
materials. An important feature of the CL WL geometry is 
the mechanical advantage achieved through wedge 
loading; the machine load required for crack propag­
ation can be reduced by a factor of up to 5 (ASTM E561-
86, 1987), hence reducing any fracture instabilities 
created by machine-compliance effects. Crack growth in 
the preliminary fresh-water ice experiments, however, 
consisted mainly of long crack jumps that arrested very 
near the specimen edge. The motivation for a new test 
geometry was provided by Mai and others ( 1975), who 
illustrated that reverse tapering (i.e. decreasing specimen 
width with increasing crack length) greatly improved 
crack-growth stability. Additionally, it was found that 
crack-path stability in reverse tapered geometries was 
greatly improved from typical forward-tapered, constant­
K fracture geometries. For this reason, the reverse­
tapered CLWL (RT-CLWL) was developed for frac­
ture-resistance experiments on saline ice (DeFranco and 
Dempsey, 1991 ). The specifics of this geometry will be 
described in detail in the next section. 

RT-CLWL FRACTURE GEOMETRY 

Figure 4 shows a schematic of the R T -CL WL geometry. 
Loading is applied by a wedge which is in contact with 
two sets of split pins made in accordance with ASTM 
E561-86. Each split pin consists of a load sector which 
contacts the specimen and a tapered wedge-load block 
which fully contacts the loading wedge (see Fig. 5). To 
ensure proper alignment of the load sectors and the load 
path, the wedge-load blocks are machined such that line 
contact exists . Figure 5 shows a schematic of the loading 
fixture. As the wedge is displaced downward by the cross­
head of the test frame, loading is applied by the load 
sectors and wedge-load blocks, which rest on sliding 
retainer blocks, which in turn rest on a base block. The 
wedge, wedge-load blocks and load sectors were con­
structed of stainless steel and the base block and sliding 
base block and sliding retained block were constructed 

~ 
/ 50.8 

T 
63.5 

1 

�f.·------482.6-------:.~·1 

All dimensioDl in mm 

Fig. 4. The reverse tapered-crack-line wedge load (RT­
CLWL) fracture geometry. 
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Base Block 
~~---------...- W: Wedge Block 

A-A 

B: Wedge Lo.d Blocks 
S: La&<! !kclors 

Sliding Sliding 
Rel,iner Block 'r-----rI f-,-------y' Rel';ner Block 

Fig. 5. Wedge-loading apparatus and set-up. 

Fig. 6. RT-CLWL specimen ready for testing. 

Fig . 7. Schematic of device used for friction analysis. 

from 6061-T6 aluminum (Fig. 5). Powdered graphite was 
used as a lubricant in order to reduce friction between all 
components. An R T -CLWL specimen ready for testing is 
shown in Figure 6. 

An important parameter to be determined was the 
friction which exists between the loading components. To 
accomplish this, a steel plate (355 mm X 152 mm X 6 
mm) was constructed as shown in Figure 7 and loading 
was applied to the center hole during different trials using 
either direct tension or wedge loading. Stress concent­
rators (14 mm diameter holes ) were placed along the 
tension line in order that measurable strains would occur 
at load levels similar to those experienced during an ice­
fracture experiment. By comparing linear regressions of 
load vs strain plots for each type of loading, the ratio of 
the opening load P to the machine load FM was found 
through several load- unload cycles to be: 

{ 
3.52 

4>=P/FM= 
2.89 

graphite 

no graphite. 
(8) 

All loading cycles were performed in a cold room at 
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-25°C and in each case the load vs strain plots were 
linear. 

In order to determine an expression for the energy­
release rate, compliance measurements were performed on 
an RT-CLWL specimen made of PMMA (thickness 
h = 25.4 mm, all other dimensions are given in Figure 4) 
at 0.05a/ L crack incremen ts for 0.20 S; a/ L :s; 0.75. Three 
loading trials were performed for each crack length and the 
average value of the three was used. Elastic response of the 
PMMA was ensured by zero-to-peak loading times of less 
than 5 s and all loading components were liberally coated 
with powdered graphite. The specimens were not loaded to 
fracture in any trial and all experiments were performed at 
-25°C. The load vs load point-displacement plots, as well 
as load vs all crack-opening displacements, were linear up 
to the maximum applied load in each case. 

The compliance was found by a least-squares curve fit 
to be: 

c = 10
2 

[3.291n[(1 - ar1l- 4.47 
E'h 1- a 

0.89 ] + 2 + 3.53 
(1- a) 

(9) 

where E' is the effective elastic modulus (assumed to be 
3.93 GPa for PMMA), h is the specimen thickness and 
a = a/ L. The form for Equation (9) is similar to the 
approximate compliance expression for the reverse­
tapered geometry in Mai and others (1975). The exper­
imental data for PMMA is plotted in Figure 8 along with 
the least-squares curve fit ; as a good fit was obtained from 
the above expression, deriva tives of the compliance in 
Equation (9) were assumed to represent accurately the 
actual behavior. From Equation (9), the linear elastic, 

0.005 

PM~iA 

Z 0.004 

---E 
..§, 
C,) 0.002 

0.000 .-!;;-...--;;F~-.;-...--,,-.::-.......,.""'-.....--l 
0.0 o.e 1.0 

aiL 

Fig. 8. RT-CLWL compliance curve for PMMA. 

0 
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Fig. 9. Energetic stability comparison double torsion 
( D T), double-cantilever beam (DCE) and R T -CL W L 
in a rigid testing frame. Dashed line shows the iffects of 
machine compliance on stability. 

isotropic relationship K2 = GE' and Equation (2), the 
fracture-resistance stress-intensity factor KR is given by: 

rn Pc [3.29(1- a)2 - 4.47(1- a) + 1.781! 
KR = 5v2 

hV£ (1 - a)~ 

(10) 

where Pc = cpI\ic is the load at fracture for the current 
crack length a, I\ic is the machine load at fracture and cp 
is the mechanical advantage given in Equation (8 ). 

Figure 9 shows the geometric stability factors for the 
DT, the ideal DCB and R T -CL WL geometries. The 
effects of machine compliance on the R T -CL WL's GSF 
(ATS Model 1l05SE testing frame; frame stiffness of 
24.5kNmm- l ) used in this study are shown as a dashed 
line in Figure 9 assuming an elastic modulus of 4 GPa. 
Additionally, the compliance effects ofa recently acquired 
Instron model 8502 testing frame (frame stiffness of 
265 kN mm-I) are shown. The RT- CLWL is affected by 
machine compliance; however, crack-line wedge loading 
is a very easy procedure compared to the quite complex 
procedure of testing a weak material (like ice) with the 
DCB geometry. It should be noted that the elastic 
modulus of the material significantly affects the GSF; 
for warm sea ice, the effective elastic modulus is typically 
much less than fresh-water ice at the same temperature 
and, therefore, cracking in fresh-water ice should be much 
less stable than in sea ice. However, the advantages of a 
stiff testing machine are evident in Figure 9, as the GSF 
which includes the effects of the Instron machine 
compliance is close to the ideal situation of an infinitely 
stiff testing machine. 

In a rigid testing machine, the RT- CLWL, DT and 
DCB fracture geometries all have negative GSFs (solid 
lines) for any crack length . However, due to " stick- slip" 
crack propaga tion observed in ice, continuous stable 
crack growth is limited to regim es of very negative 
(dG/da)/G. For short cracks, all of the geometries appear 
to have sufficiently negative stability factors (note that the 
RT- CLWL does not have a physical crack until 
a = 0.125). For intermediate crack lengths (a ~ 0.4), 
the GSF for the DCB is slightly more favorable for stable 
crack growth th an the RT- CLWL a nd the DT; however, 
for long crack lengths, the R T - CL WL is most favorable 
for stable fracturing and , as will be noted in a later 
section, crack-jump increments were on the order of 
millimeters. For longer crack lengths, the DT and DCB 
geometries are increasingly unfavorable for " stick- slip" 
cracking materi als . 

EXPERUMENTALPROCEDURE 

The columnar sa line ice used in this study was grown in 
an insulated tank ( 1.22m x 1.1 4 m x 0.78m deep) in a 
cold room by spray-seeding the chilled water surface to 
initiate columnar growth. The ice was grown to a depth 
of approximately 0 .15 m and cut into blocks measuring 
approximately 0.30 m x 0.50 m x 0.15 m thick using an 
electric chain-saw. The average grain-size was approx­
imately 15 mm and the ice had an average density at 
-25°C of approximately 912 kgm-3 . Salinity was 
measured using a LabComp SCT microprocessor-con-
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trolled salinity meter. The bulk salinity was found to be 
7.59 ± 1.44°/00" The ice blocks were immediately moved 
to an adjacent cold room where they were stored at 
-25°C for a minimum of 24 h. After the blocks were 
isothermal, three plates were cut from each block and 
were made parallel by a planer. The edges were formed 
by a jointer, thus ensuring that each plate was a uniform 
prism. To form the final shape for each R T -CL WL, the 
dimensions were carefully measured and then cu t on a 
band-saw. Each finished specimen was approximately 
50 mm thick. Drilling the 63.5 mm hole in each plate for 
the loading sectors presented special difficulties in that 
successively larger holes had to be drilled in order to 
prevent the specimen from fracturing during the drilling 
operation. The drilling sequence was: (i) drilling a pilot 
hole with a 25.4 mm wood spade, (ii) enlarging the hole 
with a 38.1 mm wood spade and (iii) drilling to the final 
diameter with a Forstner bit. Several specimens were 
ruined before an acceptable drilling procedure was 
established. The finished hole was very smooth and 
uniform throughout its depth, although slight spalling 
occurred around the circumference on the bottom face. 
Each completed specimen was then moved to the ATS 
testing frame where the COD transducers (81 and 82 ) 

were frozen to the top ice surface. Two small stainless steel 
blocks were frozen close to the point of application of the 
load in order to mount the load-line displacement (8LL) 
extensometer. The blocks were indented with a conical 
punch to accept the centering points of the extensometer. 
The COD transducers were Kaman models KD2310-3U 
(81) and KD2810-1 U (82) non-contacting eddy-current 
sensors and the load-point displacement gauge was a 
specially designed extenso meter. A sharp crack was then 
made by scribing a razor blade over the crack front 
(DeFranco and others, 1991; Wei and others, 1991) . The 
crack front in each specimen was parallel to the growth 
direction of the columnar crystals which corresponds to 
radial cracking of an ice sheet. 

Determination of the length of each crack jump was 
extremely difficult due to the opacity and microstructural 
defects inherent in saline ice. However, a fib er-optic 
lighting system was used to illuminate the crack-tip area 
and each crack jump was measured to within a few 
millimeters. Fiber-optic lighting was found to work very 
well with ice as the optic fibers transmit minimal heat, 
thereby preventing any thermal cracking or melting of 
the ice surface. In a typical R-curve experiment on 
metals, the observable traction-free crack length cannot 
be taken as the actual crack length due to non-linear 
material behavior in the highly strained crack-tip area. 
The effective length of the non-linear zone is typically 
accounted for through the double-compliance method 
(Heyer and McCabe, 1972). In this method, measured 
crack displacements at two points on the crack face are 
compared to elastic-compl,iance functions from which an 
elastically equivalent crack length can be calculated. 
These functions are determined either by curve-fit 
measurements on a brittle, linear elastic material or by 
the finite-element method. While this technique is 
suitable for many materials, Bazant and others (1986) 
expressed doubt as to the validity of indirect compliance 
techniques for microcracking brittle materials in which 
opened microcracks do not completely close, causing 
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opening and closing compliance to be different from the 
compliance for continued loading. Furthermore, in ice, 
crack-tip creep and/or an elastic (delayed elastic) defor­
mation may cause uncertainties in the measured loading 
and unloading compliance. In this study, the traction-free 
crack (TFC) was taken as a first approximation to the 
actual crack in saline ice at -25°C; due to the britt!t>­
cracking behavior to be discussed in the next section, the 
non-linear zone is probably small enough to be ignored at 
this juncture. 

All components of the split pins were coated with 
graphite and positioned in the R T -CL WL specimen 
taking care to ensure proper alignment with respect to the 
desired loading direction. All loading was accomplished 
by an ATS 11 05SE displacement-controlled testing frame 
and all data were recorded by a Keithley Series 500 data­
acquisition and control system. Data acquisition was 
performed at 100 Hz for tests times of 200 s and all data 
were stored in a Zenith Z248 microcomputer. 

RESUL TS AND DISCUSSION 

In order to examine temperature effects on the fracture 
resistance of saline ice at slow loading rates, four R T­
CLWL specimens were successfully tested at -25°C and 
three were tested at -15°C. All of the test data are given 
in Table 1. The rate of increase of stress intensity K was 

Table 1. Fracture-resistance test data 

# h L a 

mm mm mm 

RT4 

RT5 

RT6 
RT7 

RT8 
RT9 

47 254 

44 254 

51 254 
52 254 

47 254 
41 254 

RTI2 44 254 

105 
158 
158 
162 
185 
185 
205 
205 
217 

59 
79 

134 
134 
184 
199 

75 
84 
85 
87 
88 
89 
91 

125 

Pr 

N 

296 105 
93 89 

128 123 
105 117 
52 104 
74 148 
31 117 
38 143 
23 144 

513 112 
404 97 
185 97 
232 122 

77 128 
78 202 

200 59 
148 47 
194 63 
222 73 
232 77 
264 89 
303 104 
169 96 

Temper­
ature 

-25 

-25 

-25 

-15 
-15 

-15 

I, initiation; A, arrest; C, quasi-continuous. 
Note. No graphite was used on specimen RT5. 

Init­
iation 
arrest 

I 
A 
I 
I 
A 
I 
A 
I 
A 
I 
I 
A 
I 
A 
I 
I 
C 
C 
C 
C 
C 
C 
I 
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Fig. 10. Pvs82 at -25°C. 

maintained at approximately 2 kPa m! 8-1 for each 
experiment. The difference in fracture behavior between 
each temperature was startling. Figure 10 shows the P-82 

plot for specimen RT5 (note that 821Lla--+O == CTOD). 
The initial slope of the curve is linear up to the instability 
load where crack initiation occurred, causing a rapid 
crack jump of 23 mm. KR at initiation was calculated 
from Equation (10) to be 117 kPa m!; the associated arrest 
value, also calculated from Equation (10), was found to 
be 104 kPa m!. A total of five crack jumps of lengths 23, 
23, 20, 20 and 12 mm, respectively, occurred, although 
only three appear on Figure 10 due to the experiment 
running longer than 200 s. This behavior was typical of all 
specimens tested at -25°C and matches the behavior 
observed by Parsons and others (1988, 1989) . 

240 

180 J ~ .. 
120 0.. RTS. Rn 6 

0: Rn :.: 60 

8.0 0.2 0.4 0.6 0.8 1.0 

aiL 

Fig. 11. KR vs t1a/ L for saline ice at -25°C. 

The KR curves for specimens R T4, R T5, R T6 and 
RT7 (tested at -25°C) are shown in Figure 11. The 
overall trend shows an increasing KR with crack growth; 
however, locally for each crack-jumping event, the 
fracture resistance decreases with increased rate of crack 
propagation until the crack motion arrests. As was 
previously found by DeFranco and Dempsey (1990) for 
fresh-water ice, an increase in load was needed to restart 
the arrested cracks. This behavior must result from the 
large percentage of fresh-water ice, as can be observed in 
the phase diagram for saline ice, which apparently 
dominates the mechanical behavior at cold temper­
atures. On the other hand, the initiation KR values 
increase with crack length. Assuming that the crack arrest 
occurred at a grain boundary or brine channel, the re­
initiation energy would most likely be higher. 

The fracture behavior of saline ice at -15°C was 
conspicuously different from the colder ice. Figure 12 

~.----------~ 
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---: 200 
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Fig. 12. P vs 82 at -15° C. 
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Fig. 13. KR vs t1afor RT9. 

shows P-82 plots for specimens R T8 and R T9. The plots 
are clearly non-linear, although for each specimen the 
jags in the plots coincide with small crack jumps; the large 
load drop in R T9 represents a large unstable crack jump 
which was preceded by at least five short crack jumps 
which total 7 mm in length (approximately one-half the 
average grain-size). This crack growth, which occurred 
over approximately 75 s, was through thickness and was 
slow enough to be observed visually . Figure 13 shows KR 
for this specimen calculated assuming each crack jump 
was of equal length (1.4mm). The fracture resistance 
increases for increasing crack growth; at t1a = 7 mm, 
however, the crack extended unstably. Interestingly, the 
stable crack growth initiated at an apparent fracture 
toughness of 47 kPa m! and increased non-linearly to a 
critical KR of 104 kPa m!. The arrest toughness was not 
calculated because of a highly tortuous crack path 
extending out of the original crack plane. Additionally, 
for both specimens (RT8 and RT9), reflected flecks of 
light were observed in areas ahead of the crack tip prior to 
unstable extension of the main crack, indicating the 
possibility of the development of a large process zone; the 
zone was enclosed within a semi-circle approximately 
20 mm in diameter. 

Slow, stable-fracture behavior prior to catastrophic 
fracture and the determination of increasing R-curve 
behavior has never been reported for ice. Parsons and 
others (1988, 1989) did not report any stable crack 
growth for sea ice, although test temperatures in those 
studies ranged from -25° to -16°C. A possible explan­
ation for the lack of observed stable cracking in studies by 
Parsons and co-workers and Stehn (1990, 1991 ) may be 
that the low salinity of the sea ice tested in both studies 
precluded stable cracking. 
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Fig. 14. Crack-tip region in specimen RT9 at 62 times 
magnification. 

MICROSTRUCTURAL INFLUENCES 

Figure 14 shows a thin section of the crack tip in R T12 
(-15°C) photographed through cross-polarizers at x62 
with an Olympus BH-2 microscope. Several interesting 
features are revealed in this photograph: despite the 
presence of brine pockets and a grain boundary aligned 

with the crack, the crack propagated along a grain 
boundary oriented approximately perpendicular to the 
original crack plane (Iabeled A in Figure 14). Most likely, 
damage sustained at the grain junction during scribing of 
the crack tip caused the resulting fracture. Furthermore, a 
large pore may have existed at this location, forcing the 
scribed crack to extend along the grain boundary. Only a 
pre-test thin section of the near-tip area (which was not 
done) would confirm this possibility. Additionally, a 
crack (B in Figure 14), which was probably generated 
during scribing of the main crack, did not propagate, 
indicating a larger damage structure must have existed on 
the actual fracture plane. Figure 15 shows a lower­
magnification photograph (x 5) of the same area; fracture 
in this specimen was predominantly intergranular (grain 
boundary). This does not agree with the findings for 
experiments performed using three-point bend specimens 
of similar ice at -25° C (DeFranco and others, 1991). In 
that paper, the crack path tended to follow the sub-grain 
pore arrangement (i.e. along the basal planes), in some 
instances changing direction suddenly in order to 
propagate along the basal direction. In Figures 14 and 
15, the tensile opening loads were applied in the direction 
shown by the arrows at the top of the photographs. 

The discussion in this paper is based upon the stability 
Equation (1); the polycrystalline ice is seen from a 
macroscopic point of view as an equivalent homogeneous 
medium. As revealed by the above discussion, the actual 
fracture mechanisms are dramatically influenced by 
temperature and the microstructure in the vicinity of 
the crack tip. Given the restrictions imposed on the 
specimen sizes that can be tested in the laboratory, crack 
length vs grain-size or some such characteristic length is 
an important issue. This issue has been addressed by the 
authors in previous papers (Dempsey, 1991; Dempsey 
and others, 1991, 1992) in the context of notch sensitivity 
and polycrystallinity vs single-cum-multiple specimen 
sizes. The stability issues are, of course, inextricably 
intertwined with the issues of notch sensitivity, brittleness 
and polycrystallinity. 

Fig. 15. Crack-tip region in specimen RT9 at 5 times magnification (scale gradations are lmm). 
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CONCLUSIONS 

A new fracture geometry, the reverse-tapered crack-line 
wedge load (RT-CLWL) was developed and utilized to 
produce stable crack growth in saline ice. 

R T -CL WL fracture experiments on saline ice at 
-25°C showed brittle "stick-slip" fracture behavior. The 
fracture resistance for each "stick-slip" crack event was 
found to decrease during crack propagation to a crack­
arrest value lower than that needed for crack re-initiation. 
The fracture resistance for crack re-initiation was found to 
be much higher than the previous crack-arrest value. 
Comparison of the re-initiation fracture-resistance values 
with crack growth indicates a globally positive KR curve. 

Subsequent experiments on saline ice at -15°C 
exhibited more ductile behavior. In these tests, load­
displacement plots exhibited a greater degree of non­
linear behavior throughout the fracture experiment. Slow 
crack growth was observed up to a critical load which 
coincided with a long unstable crack jump. During the 
stable cracking, the fracture resistance increased non­
linearly with crack growth. 

The positive KR vs Lla behavior found for both cold 
and warm saline ice indica tes that stable cracking should 
readily occur in warm sea ice, while for cold sea ice 
"stick-slip" cracking will occur provided that conditions 
conducive to stable cracking are maintained. 
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