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Abstract

Water ice Ih exhibits brittle behavior when rapidly loaded. Under tension,
it fails via crack nucleation and propagation. Compressive failure is more
complicated. Under low confinement, cracks slide and interact to form a
frictional (Coulombic) fault. Under high confinement, frictional sliding is
suppressed and adiabatic heating through crystallographic slip leads to the
formation of a plastic fault. The coefficient of static friction increases with
time under load, owing to creep of asperities in contact. The coefficient of
kinetic (dynamic) friction, set by the ratio of asperity shear strength to hard-
ness, increases with velocity at lower speeds and decreases at higher speeds as
contacts melt through frictional heating. Microcracks, upon reaching a crit-
ical number density (which near the ductile-to-brittle transition is nearly
constant above a certain strain rate), form a pathway for percolation. Addi-
tional work is needed on the effects of porosity and crack healing.

® An understanding of brittle failure is essential to better predict the in-
tegrity of the Arctic and Antarctic sea ice covers and the tectonic evo-
lution of the icy crusts of Enceladus, Europa, and other extraterrestrial
satellites.

m Fundamental to the brittle failure of ice is the initiation and propaga-
tion of microcracks, frictional sliding across crack faces, and localiza-
tion of strain through both crack interaction and adiabatic heating.
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1. INTRODUCTION

The purpose of this review is to examine progress in both characterizing and understanding the
brittle failure of ice, with a view to charting the path forward. Friction plays a fundamental role in
compressive failure and so is included, as is permeability, as microcracking is an effective means
of creating interconnecting pathways.

Unless otherwise noted, most of the results discussed were obtained in the laboratory from
measurements on submeter-sized specimens. There, unlike in the field, individual factors can be
controlled and varied in a systematic manner to determine their role, if any. Where appropriate,
size is discussed.

Although several kinds of ice exist in nature (H,O, NHj, CO,), this review focuses on water
ice, specifically on polycrystals of the low-pressure variant that possesses the hexagonal crystal
structure, denoted Ih. High-pressure ice, of which there are more than a dozen variants of different
crystal structures and densities (Petrenko & Whitworth 1999), is beyond the scope of this review,
as are low-pressure cubic ice and amorphous ice.

Under terrestrial conditions, polycrystals of ice Ih exhibit either a granular microstructure
(e.g., icebergs) in which individual grains typically of size 1 to 10 mm are equiaxed and randomly
oriented or a columnar microstructure (e.g., sea ice) in which the crystallographic c axes of the
individual grains, again typically 1 to 10 mm in diameter, exhibit a preferred orientation, often con-
fined to and randomly oriented within the horizontal plane. Granular ice is mechanically isotropic.
Columnar ice is orthotropic, and so its properties, as discussed elsewhere (Schulson & Duval 2009),
must be viewed with respect to its microstructure and to the applied stress tensor. Little is known
of the microstructure of extraterrestrial ice.

As will become apparent, experiments on water ice have elucidated not only the brittle failure
of that material but also the behavior of rock and minerals.

Owing to space limitations, many details are omitted here. Also, equations (where necessary)
are embodied in the lines of text but not derived. Details and derivations may be found in the
literature cited.

2. INELASTIC BEHAVIOR: OVERVIEW

Ice exhibits two kinds of inelastic behavior. When strained slowly, it flows. Strains in excess of unity
can be imparted without macroscopic failure, and the deformation is characterized by strain-rate
hardening. Such behavior is termed ductile and is displayed, for instance, by temperate glaciers
deforming under the influence of gravitational forces. When strained rapidly, however, ice behaves
in a brittle manner: Fracture occurs suddenly after little inelastic deformation and results in either
partial or complete loss of load-bearing ability. The kind of behavior and the transition from one
kind to the other depend upon the combination of environmental (temperature, loading rate, stress
state) and microstructural (porosity, grain size, salinity, crystallographic texture) factors.

Ductile behavior originates principally from crystallographic slip on basal planes, generally
through the glide of dislocations of #/3 <1120 > Burgers vector. Under the combination of low
stress (<107 of the shear modulus), high temperature, and fine grain size (<0.1 mm), diffusion
creep can contribute plastic strain. Plastic deformation is thermally activated, and the flow strength
op under an applied strain rate ¢ may be described by the relationship op = B~1/%¢!/" where nisa
materials constant, typically of value » = 3, and the parameter B increases with increasing temper-
ature according to the relationship B = B, exp(—Q/RT), where B, is another materials constant,
Q denotes activation energy, R is the universal gas constant, and 7 is absolute temperature.

Brittle behavior, in comparison, originates from the initiation, growth, and interaction of
cracks. Correspondingly, the brittle failure strength op may be described generally by the
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relationship op = CKi./~'/?, where Kj. denotes the plane strain fracture toughness (described in
Section 3), /is crack length, and the parameter C incorporates stress state and friction (Section 4.3).
An exception is finely grained ice loaded under tension where the strength is controlled by crack
nucleation (Lee & Schulson 1988). Brittle behavior persists right up to the point of melting,
owing to a combination of sluggish dislocation kinetics and low resistance to crack propagation.

The transition from ductile to brittle (DB) behavior is caused by competition between stress
buildup and stress relaxation at crack tips. It is not directly related to the appearance of micro-
cracks, as bodies initially free from cracks can become riddled with nonpropagating cracks and
yet exhibit macroscopically ductile behavior. As modeled elsewhere (Schulson 1990, Renshaw &
Schulson 2001), the DB transition may be expressed in terms of a transition strain rate épp de-
scribed by a relationship of the form épy = BC"K/"/~"/>. The creepier and tougher the ice and the
smaller the stress-concentrating cracks, the higher the transition strain rate. For granular ice and
for columnar ice loaded across the columns, the transition strain rate at —10°C, for instance, is
épg ~107% to 1077 s~! under tension and between 10~* and 10~* s~! under uniaxial compression.
Within the ice cover on the Arctic Ocean where global inelastic deformation occurs intermittently
and predominantly under far-field compression, the transition also occurs at a strain rate of around
10~* s~! when account is taken of the localized, spatiotemporal character of the process (Marsan
et al. 2004, Schulson 2004, Rampal et al. 2008, Weiss & Dansereau 2017).

Readers interested in ductile behavior/creep may wish to consult reviews by Weertman (1983),
Duval et al. (1983), Durham et al. (1997), Durham & Stern (2001), and Schulson & Duval (2009),
and references therein.

3. FRACTURE TOUGHNESS

Plane strain fracture toughness is fundamental to brittle failure. The property is a measure of crack
tolerance or of resistance to crack growth in the absence of significant expenditure of energy
through plastic work and stems conceptually from linear elastic fracture mechanics. It specifies
the critical value of the crack-opening or mode-I stress intensity factor Kj. Correct measurement
requires that crack-tip creep be suppressed and, thus, that the rate of increase of K be sufficiently
high, i.e., Ki > 0.002 MPa m"2s~! at —10°C (Nixon & Schulson 1988); a higher rate is needed for
warmer ice (Gharamti etal. 2021b) and for salty ice (see Schulson & Duval 2009, table 9.1). A good
value of fracture toughness for pristine, terrestrial ice of ~3-mm grain size is K. = 0.1 MPa m!”2
for both submeter- and suprameter-sized bodies (Schulson & Duval 2009, Gharamti et al. 2021b).
Fracture toughness increases slightly with decreasing temperature, reaching Ki. = 0.14 MPa m!”?
at —173°C (Litwin et al. 2012). A distribution of fine (0.25 wm) particles of silica toughens ice
by an amount that scales approximately with the square root of volume fraction, f; at least up to
f=0.34 (Yasui et al. 2017). Similarly, the eutectic mixture ice-MgSO4-11H, O increases fracture
toughness by about 30% (Golding et al. 2013). Porosity, on the other hand, lowers crack tolerance
by about 50% for p = 0.4 (Rist et al. 1999), owing to its effect on Young’s modulus (Snyder et al.
2017). Cyclic loading has little detectable effect (Gharamti et al. 2021a).

Fracture toughness is related to materials toughness, G., through the relationship
G. = K2 (1 — v?)/E. Poisson’ ratio v = 0.33 and Young’s modulus E = 9.3 GPa (Gammon et al.
1983) under terrestrial conditions, giving G. = 1 ] m~2. This is several times the surface energy
of ice, implying that the propagation of cracks, even under rapid loading, is not a purely elastic
process. Grain boundaries may account for part of the difference, given that fracture toughness
increases by about 30% as grain size decreases from 10 mm to 1 mm (Nixon & Schulson 1988).
The other contributor may be crack-path tortuosity.

Of growing interest is the fracture toughness of sintered microspheres. This is of relevance to
the future sampling of cold ice from Saturn’s satellite Enceladus (Choukroun et al. 2020) where
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micrometer-sized particles form following the intermittent emission of water-rich plumes from
tiger stripe rifts in the south polar region (Hansen et al. 2006, Porco et al. 2017, Postberg et al.
2011) that then rain down, sintering over time (Molaro et al. 2019). To be determined, and elu-
cidated perhaps from studies of snow (Kirchner et al. 2000, Schweizer et al. 2004), is the degree
needed to impart significant toughness.

Ice is a fragile material. Its fracture toughness is lower than that of granite by more than an
order of magnitude (Wang & Hu 2017), lower than glass by a factor of five or more (Varshneya
2006), and even lower than eggshells (Taylor et al. 2016) by about a factor of three. Its fragility, like
its low melting point, originates from weak (~0.7 eV/molecule) intermolecular hydrogen bonding.
Yet, in the form of icebergs and floating ice sheets, it can exert large forces, toppling lighthouses,
crushing ships, and transforming level ice into a field of rubble (Schulson & Duval 2009).

4. BRITTLE FAILURE

As already noted, the brittle failure strength generally scales as op o¢ Ki/~'/?. In pristine ice
the size of cracks that nucleate under load scales directly with grain size d (Cole 1988, Lee &
Schulson 1988). This leads to both tensile and compressive strength scaling as o o< d~'/2. The
tensile strength of terrestrial ice is of the order of 1 MPa: It increases moderately with decreasing
temperature, in proportion to the increase in fracture toughness (Litwin et al. 2012), and decreases
with increasing salinity (Richter-Menge & Jones 1993). The unconfined compressive strength is
higher, of the order of 5 to 10 MPa at —10°C, and increases quite markedly with decreasing tem-
perature, reaching ~70 MPa at —170°C (Arakawa & Maeno 1997). The difference between tensile
and compressive failure reflects the role of frictional sliding under compression (Section 4.3).

4.1. Brittle Tensile Failure

Tensile failure occurs trans-granularly, through the operation of mechanisms reviewed earlier
(Schulson & Duval 2009). With the exception of measurements on cold ice (Litwin et al. 2012),
little has appeared within the past decade to expand the picture. Known earlier, but still unex-
plored, is a kind of superplasticity (Schulson & Kuehn 1993, Kuehn & Schulson 1994) imparted
through deformation processing. The capacity for tensile elongation of up to 50% or more can
be imparted to freshwater ice by slowly compressing warm ice a small percentage to initiate both
recrystallization and the formation of a network of short cracks oriented along the direction of
shortening. The underlying mechanism remains to be elucidated, although grain boundary slid-
ing and cracks stopping cracks may contribute. Whether ductility of similar magnitude could be
realized in nature should ice be loaded through a combination of slow compression-cum-rapid
tension is not known.

An intriguing quality of ice is the ability to extend elastically to almost the theoretical limit
without breaking (Xu et al. 2021). Ordinarily, ice breaks in two if extended less than 0.1% at strain
rates greater than épg. However, in the form of fibers a few micrometers or less in diameter, pro-
cessed using the method of electric-field enhanced growth (Ma et al. 2020), the material can be
reversibly bent into a near-circular shape tens of micrometers in radius and then spring back with
no residual curvature. In this manner, Xu et al. (2021) imparted an elastic extension of ~11% and
a corresponding stress of ~1,400 MPa to the tensile surface of a cold (—150°C) microfiber. The
extraordinary elasticity and strength is attributed to the absence of defects—cracks, grain bound-
aries, and dislocations—and to a smooth surface. Perhaps similar properties might be imparted to
other nominally brittle materials through appropriate processing.
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Figure 1

Photograph of a welded plate of columnar grained, freshwater ice bent to failure under 4-point loading at
—10°C at an outer-fiber strain rate of ~10~* s~1. The plate had been previously cut into two pieces and then
welded back together with freshwater. The weld is shown as the whitish line in the image to the left of the
fracture. Note that the fracture passed through the ice of the parent plate, not through the weld. The long
axis of the grains is perpendicular to the large faces. Photo courtesy of Andrii Murdza.

4.2. Flexural Strength, Cyclic Hardening, Recovery, and Healing

Flexural strength is related to tensile strength, although it is greater by a factor of about 1.7. The
flexural strength of warm ice can be increased by more than a factor of two through slow, reverse
cycling (0.1 to 10 Hz) at progressively higher outer-fiber stresses (Iliescu et al. 2017; Murdza et al.
2020, 2021a,c). Evidence of cyclic strengthening has been obtained as well through direct tension-
compression experiments (Cole 1995), and a hint (our word) of the effect may be seen in Brazil
tests (Hammond et al. 2018). The added strength can be eliminated upon annealing (Murdza et al.
2022). Cyclic strengthening is attributed to the development through either dislocation pileups
or grain boundary sliding of an internal back stress that opposes the applied stress in nucleating
cracks. Recovery is attributed to a thermally activated relaxation of that internal stress. A conse-
quence of this behavior is an apparent resilience against fatigue (Hammond et al. 2018, Murdza
et al. 2020).

When flexed to failure and then welded together with either fresh- or salty water, the re-
assembled aggregate can heal, often failing in bending not through the weld but through adja-
cent material (Murdza et al. 2021b) (Figure 1). The weld, it seems, even when decorated with
stress-concentrating pores, can be stronger than the parent material, owing, presumably, to a mi-
crostructure different from the parent ice. In the absence of water, when surfaces of ice are pushed
together, healing ensues and strength is restored (Schulson et al. 2016).

4.3. Brittle Compressive Failure: Coulombic Faulting

Brittle failure under compression is more complicated. It is best viewed more as a process than
as an event. The unique combination of large grain size and optical transparency of freshwater
ice as well as the experimental ability to keep constant during loading the degree of triaxiality of
the stress state has allowed details of the process to be revealed to the unaided eye. In addition
to crack nucleation and propagation, coming into play are stable crack growth, crack interaction,
and the development of a culminating macroscopic fault. Again, the details were reviewed earlier
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(Schulson & Duval 2009), and little has appeared during the past decade to expand the picture—
except of brittle-like failure (Section 4.4).

To summarize brittle compressive failure per se, at root is the frictional-sliding wing-crack
mechanism of Griffith (1925), McClintock & Walsh (1962), Ashby & Hallam (1986), and Horii
& Nemat-Nasser (1986) and the comb-crack derivative thereof (Schulson et al. 1999, Renshaw &
Schulson 2001). Accordingly, and as first reported by Cannon et al. (1990), sliding under uniaxial
loading occurs across the opposing faces of closed, parent/primary cracks, either preexisting or
nucleated during loading, once the effective shear stress resolved onto the plane of the cracks, 7.,
overcomes frictional resistance. Sliding induces at the crack tips tensile stress that, when suffi-
ciently high, is relieved through the initiation of out-of-plane secondary cracks, termed wings (or
extensile cracks), oriented along the direction of loading. Tension is then concentrated at the tips
of the wings. As load increases, sliding continues and the wings open; also, more primary cracks
nucleate. If sliding speed, #, is high enough, set by the applied strain rate and grain size (&  éd),
K; reaches Kj. and the wings begin to lengthen in a stable, albeit jerky, manner. When sliding is
too slow, stress relaxes at the wing tips, in which case ductile behavior ensues. Wing cracks interact
as they lengthen, leading under uniaxial loading to the initiation and length-wise growth of one
or more macroscopic splits that culminate in terminal failure. Confinement lowers Kj and reduces
Teff, thereby raising quite markedly the applied stress needed to activate the process. Also, even at a
very low level (Wachter et al. 2009), confinement changes the mode of terminal failure, from axial
splitting to shear faulting, owing to the onset of splay-like comb cracking. The faults often form
conjugate sets and are inclined to the direction of shortening by an angle 6, set by the coefficient of
kinetic friction p and given by the relationship tan 20 = 1/u; (Jaeger & Cook 1979, Schulson &
Duval 2009). Under terrestrial conditions 6 ~ 30°, implying that . ~ 0.6. Such faults are termed
Coulombic (C) faults.

Modeling on the basis of the wing crack-cum-comb crack mechanism leads to the brittle com-
pressive strength being expressed in terms of not only fracture toughness and crack size but also
the coefficient of kinetic friction and the degree of confinement. Included is sliding across the
free ends of the slender, fixed-free microplates (like a sliding thumb across the teeth of a comb)
that form on one side of the primary crack through nonuniform sliding. The model has no ad-
justable parameters and, as shown by the nondimensionalized (with respect to crack length and
fracture toughness) calculations in Figure 2, accounts reasonably well for the brittle compressive
strength of ice. The model also accounts for the brittle compressive strength of rock and minerals
(Renshaw & Schulson 2001).

4.4. Brittle-Like Compressive Failure: Plastic Faulting

A different kind of failure occurs under high confinement. Whether warm or cold, pure or salty,
granular or columnar, ice exhibits brittle-like behavior when rapidly compressed under a relatively
high degree of triaxial confinement (Durham et al. 1983; Schulson 2002; Golding etal. 2010,2012,
2014, 2020; Renshaw & Schulson 2017). The failure is brittle like in the sense of the sudden loss
of load-bearing ability following a pseudolinear increase in applied stress and the attendant de-
velopment of a fault. The high-confinement failure, however, is less noisy, and the faults form on
planes inclined not by ~30° to the direction of shortening but by ~45°, i.e., on planes of max-
imum applied shear stress. Both low- and high-confinement faults localize inelastic strain into
narrow [O (mm)] bands, but of different structure and properties: Microcracks and loss of cohe-
sion develop under low confinement versus recrystallization and retention of cohesion under high
confinement. Localization of strain raises temperature in both cases, but by an order of magnitude
greater (i.e., by ~3°C) within high-confinement faults (Golding et al. 2010). The other difference
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Figure 2

Brittle compressive strength (nondimensionalized) of ice and of a variety of rocks and minerals versus degree
of confinement. The gray curve through the data was computed based upon the comb-crack model of
frictional sliding. The curve turns sharply upward as confinement suppresses sliding. Figure adapted with
permission from Renshaw & Schulson (2001).

is that the failure strength under high confinement is insensitive to both grain size and pressure.
These differences imply that faulting under high confinement originates not from cracking and
frictional sliding but from a volume-conserving, nonfrictional process involving crystallographic
slip. For that reason, the faults are termed plastic or P faults and are viewed as physically distinct
from low-confinement C faults. Figure 3 shows both kinds plus the C — P transition and related
stress-time curves.

P faults form when the hydrostatic component of the stress tensor is sufficient to suppress fric-
tional sliding, while the deviatoric component remains nonzero. Inelastic deformation then occurs
via dislocation glide. Under high strain rates, plastic strain is imparted adiabatically, as described
elsewhere (Frost & Ashby 1982, Schulson 2002, Golding et al. 2010, Renshaw & Schulson 2017),
leading to thermal softening, which overcomes both strain and strain-rate hardening, and to an
increase in localized plastic flow. Ultimately, a P fault develops. The transition from C faulting
to P faulting occurs when the degree of confinement reaches a critical level, x = x, given by
the relationship (Schulson 2002, Golding et al. 2010) x, = [(ui + 1)1/2 + ]2, [Whereas triaxial
confinement of granular ice is defined simply as the ratio of the least to the greatest compressive
stress, the definition for columnar ice must take into account the grain structure and is given by
Golding et al. (2010).] For py, ~ 0.5 t0 0.6, x, ~ 0.3 to 0.4, in good agreement with observation
(see Figure 3).

Brittle-like failure is not limited to ice. It operates, for instance, within antigorite when the
strain rate within an incipient adiabatic instability increases to the point that the attendant increase
in localized temperature approaches a phase transition (Renshaw & Schulson 2017). Similarly,
narrow, high-angle P faults have been observed in granite (Tullis & Yund 1977, Shimada 1992)
and in olivine (Schubnel et al. 2013). Perhaps this mode of compressive failure limits the strength
of all rock and minerals when rapidly loaded under high triaxial confinement and plays a significant
role in the development of deep earthquakes.
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5. FRICTION

As already noted, friction plays an important role in brittle compressive failure, certainly on the
smaller scale of sliding across the faces of microcracks. On the larger scale of the winter cover on
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Figure 3 (Figure appears on preceding page)

(@) Photographs of a typical thin (~1 mm) section of a Coulombic shear fault formed in freshwater, granular ice under a low degree

(x = 0.2) of triaxial confinement, seen under natural (/ef?) and polarized (right) lighting. The larger grain size allows the microstructure
of comb cracks (highlighted) to be seen. The direction of shortening is vertical in the image. The smallest distance is 1 mm. The inserts
show comb cracks. () Photographs of a typical thin section of a plastic (P) fault formed in the same kind of ice under a high degree

(x = 0.5) of triaxial confinement, seen under natural (/ef?) and polarized (right) lighting. Note the higher angle (45° versus 30°) of the P
fault and the absence of microcracks. The highlighted regions show recrystallized grains along the fault. The smallest distance is 1 mm.
(¢) Summary of measured fault angles (with respect to direction of shortening at —10°C) versus degree of triaxial confinement. The
dashed gray line indicates confinement at which frictional sliding is suppressed for p), = 0.6, computed from the model in the text.

(d) Representative plots of principal stresses versus time showing partial drops in stress during brittle-like compressive failure in
columnar freshwater ice rapidly loaded at é;; = 3 x 1072 s~! at —10°C under a degree of triaxial confinement high enough to suppress
frictional sliding and activate P faulting. Figure adapted with permission from Golding et al. (2010, 2012) and Renshaw & Schulson
(2017).

the Arctic Ocean (Marko & Thomson 1977, Hibler & Schulson 2000, Schulson 2004, Schreyer
etal. 2006, Weiss et al. 2007, Wilchinsky & Feltham 2011), the Antarctic ice sheet (Tsai et al. 2015,
McCarthy etal. 2017), the tiger stripe rifts on Enceladus (Smith-Konter & Pappalardo 2008, Olgin
et al. 2011), and the strike-slip faults on Europa (Hoppa et al. 1999), friction also affects the me-
chanics of deformation. Of interest, therefore, are the coefficients of static and kinetic (dynamic)
friction.

5.1. Static Friction

The coefficient of static friction increases the longer a load is applied before sliding. Slide-hold-
slide experiments, whether performed in the field (Pritchard et al. 2012, Sukhorokov & Loset
2013, Scourfield et al. 2015), in an ice tank (Lishman et al. 2011), or in the lab (Schulson & Fortt
2012,2013), have revealed that the coefficient of static friction, defined as AR /E,, where F; and
F,, respectively, denote shear load and normal load acting on an interface at the onset of sliding,
increases with the logarithm of holding time, #, (Figure 4). The effect, termed static strengthen-
ing, is described by the relationship s = pos + Blog;,tn, where 1o, denotes a reference coefficient.
For ice on ice, the coefficient 8 decreases with decreasing temperature, from g = 0.3 at ~—10°C
to B~ 0.1 at —75°C to B < 0.03 at —100°C and —175°C for hold times up to 3 h. For warm ice
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Figure 4

Coefficient of static friction of ice on ice, s, versus hold time for both granular freshwater ice and first-year columnar sea ice, derived
from slide-hold-slide tests at —10°C at sliding speeds of 1076, 10~°, and 10~* m s~!. The dashed curve in the central panel was
calculated from the model presented in the text. Note that following a threshold period, static friction increases linearly with the
logarithm of hold time up to some limit and the threshold period increases with decreasing sliding speed. Note also that within the
scatter in the measurements, shown by the short vertical bars through the means, sea ice cannot be distinguished from freshwater ice.
Figure adapted with permission from Schulson & Fortt (2013).
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on granite, f ~ 0.1 (McCarthy et al. 2017). The presence of brine pockets in sea ice has no de-
tectable effect (Schulson & Fortt 2013), nor does the presence of saltwater external to the sliding
interface (Sukhorokov & Loset 2013). Static strengthening also characterizes a variety of non-icy
materials, including rock (Dieterich 1978, Marone 1998), metals (Dokos 1946), and glassy poly-
mers (Berthoud et al. 1999) where the strengthening coefficient 8 is again lower than it is for
warm ice on warm ice.

Friction originates from the interaction of asperities that protrude from opposing surfaces
(Bowden & Tabor 1950, 1964). The effect of hold time on the coefficient of static friction can
be understood in terms of a creep-driven increase in the true area of contact (a factor of 100 or
more lower than the apparent area). Modeling in terms of adhesion and power-law creep leads to
the relationship for warm (—10°C) ice us = 0.6(1 + 0.01#,)/* for hold time in seconds (Schulson
& Fortt 2013). This is shown by the dashed curve in Figure 4 and agrees reasonably well with
measurement. (Logarithmic character can be captured by invoking logarithmic creep instead of
power-law creep.)

Implicit in the model is asperity size. Its average value may be derived (Schulson & Fortt 2013)
by equating the total interaction time to the sum of the holding time plus the time for asperities
to slip past each other and then by assuming that holding begins to exert a detectable effect when
the slip time equals the threshold time for detecting an effect. The analysis for ice gives an average
diameter of 30 wm. This is about a factor of three smaller than the size of brine pockets in sea ice
and of the spacing between them, implying that asperities in that material are essentially composed
of freshwater ice, thereby accounting for the absence of an effect of salinity on the coefficient of
static friction. The asperity size derived for ice is within the range (1 to 100 wm) derived for other
materials (Persson 2000).

5.2. Kinetic Friction

Once initiated, sliding continues with lower resistance, albeit in a stick-slip manner. Under
moderate (<2 MPa) normal stresses and over a wide range of temperatures (—175 to —10°C),
ice obeys Coulomb’s law 7, = 7, + py0,, where the coefficient of kinetic friction, py, is defined as
the derivative of the shear stress, t, with respect to the normal stress, o,,; cohesion, 7, tends to be
low, and so the coefficient derived simply from the ratio 7,/0, does not overly exaggerate its value
(Schulson & Fortt 2012). The kinetic coefficient exhibits no detectable sensitivity to grain size, to
crystallographic texture, to both internal and external saltwater, to sliding direction, and to sliding
distance (at least up to 20 mm), but it is affected by roughness and by the presence of the hydrated
salt MgSOy4. Most importantly, the coefficient is sensitive to sliding speed and to temperature.

At speeds lower than ¥, ~ 10™* m s™! the kinetic coefficient for warm ice increases slightly
with increasing velocity, while at speeds above some transition velocity, V;, the coefficient de-
creases (Figure 5). (At still higher speeds, frictional heating melts the interface and hydrodynamic
sliding—which is beyond the scope of this review—sets in.) The effect of temperature is less sys-
tematic, from a monotonic increase with decreasing temperature at higher velocities (Schulson &
Fortt 2012, McCarthy et al. 2017) to mixed dependence at lower speeds. The coefficient appears
to scale with roughness p as ;. oc %% and py o p%3 within the strengthening and weakening
regimes, respectively. An implication of the dual effect of velocity is that sliding within natural
bodies, such as the ice cover on the Arctic Ocean, may become unstable once sliding speed ex-
ceeds the transition velocity.

The interaction of asperities is again at root. At the lowest speeds, the time for asperities to
slide past each other is long enough to allow frictional heat to be conducted away. As a result,
contacts remain dry and asperities deform by creeping under an effective shear stress. Strain-rate
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Figure 5

Coefficient of kinetic (dynamic) friction of ice on ice, uy, versus sliding velocity for both freshwater ice (brown points) and sea ice (blue
points). The dashed curve over the range of lower velocities was computed from the equation in the text. Figure adapted with
permission from Schulson (2018).

hardening, and hence velocity strengthening, ensues. However, as the velocity reaches a certain
level, the smallest contacts begin to melt. The attendant lubrication counteracts strain-rate
hardening and leads to the onset of velocity weakening. Beyond that point progressively larger
asperities melt, leading to an increasing fraction of wet contacts, further lubrication, and further
weakening. At still-higher velocities, all contacts melt, at which point hydrodynamics sets in.

Velocity strengthening (i.e., dry sliding) has been modeled (Schulson 2015, 2018) in terms
of the ratio of the shear strength and the hardness of asperities. Both properties are thermally
activated (Barnes et al. 1971). Modeling for warm ice (—10°C) leads to the relationship piy =
0.9V.%%7 for velocity in meters per second, shown by the dashed line in Figure 5 and in good
accord with measurement. That saline ice and freshwater ice are practically indistinguishable is
again taken to mean that asperities in both materials comprise essentially pure ice.

Velocity weakening sets in when time is insufficient to allow frictional heat to be conducted
away through opposing interfaces. The transition velocity, V%, is found from a one-dimensional
heat-transfer analysis (Schulson 2015) to scale as V; o« #AT?, where a4 denotes asperity size and
AT denotes the difference in temperature between the contact and the bulk of the ice. An implica-
tion is that cold ice sliding slowly may not exhibit velocity weakening, in keeping with observation
(Schulson & Fortt 2012).
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At speeds above the transition velocity but below the onset of all-hydrodynamic sliding, a mix
of dry (larger contacts) and wet (smaller contacts) is envisaged. The coefficient of kinetic friction
may then be described by a rule of mixtures ;= (1 — ) + wn, where n denotes the fraction
of the real area of contact covered by a thin layer of meltwater and p, is the coefficient of kinetic
friction of water. The parameter 7 has been quantified in terms of the transition and the sliding
velocities by assuming that asperities exhibit fractal character and that u,, ~ 0. This leads to the
relationship (Schulson 2018) 1, = (1 — FSWL 2P — V#2P)/4,(2 — D)), where Fis a function
of several parameters (thermal conductivity, density, specific heat, latent heat of fusion, thickness
of water layer, and AT'), A, denotes the initial real contact area, and S and D characterize the
distribution of contact areas dN(4)/dA4 = S/AP, where N(A) is the total number of contacts of
area equal to or smaller than 4. Although S and D are not known for ice, analysis of the data
in Figure 5 in terms of the fractal model (Schulson 2018) leads to the value D = 1.90 £ 0.05.
"This value is comparable to D values measured from contact surfaces on quartz, calcite, and glass
(Dieterich & Kilgore 1996).

A different interpretation of low-speed friction is based on thermodynamics (Makkonen 2012,
Makkonen & Tikanmaki 2014). The idea is that sliding is resisted by the surface energy, ¥, of
newly created steps and ledges of nanoscale dimensions. Accordingly, u, = ¥ /Hx, where H de-
notes hardness and A is the size of the smallest cluster of H,O molecules in ice. Taking ¢ =
0.075 ] m~2, A = 2 nanometers, and H = 60 MPa at —10°C leads to the value u; = 0.6 for dry
sliding in warm ice, in good agreement with measurement. The problem is that owing to an in-
crease in hardness with decreasing contact time (Barnes et al. 1971) and hence increasing sliding
velocity, the thermodynamic model dictates an effect of velocity on dry sliding opposite to the
one observed. This is not to say that the creation of new surface does not contribute to sliding
resistance, but that its contribution may be less than imagined.

Dual behavior, from strengthening to weakening with increasing velocity, is exhibited by several
other icy systems as well, including warm ice on granite and on glass (Barnes et al. 1971). Rock
on rock (Chester 1988, Reinen et al. 1992, Kilgore et al. 1993, Noda & Shimamoto 2010) shows
the same character. Ice on steel, on concrete, on rubber, and on nylon (Saeki et al. 1986, Akkok
et al. 1987, Kietzig et al. 2010) exhibit velocity weakening at speeds above ~10~* m s~!. In other
words, dual behavior may be a general characteristic of low-speed, frictional sliding of multi-
contact material systems in which low thermal conductivity of at least one component offers the
potential for a phase transformation through frictional heating.

There is no evidence that size affects the coefficient of kinetic friction. The friction-controlled
slope of the low-confinement branch of the brittle compressive failure envelope is essentially the
same for both submeter specimens of ice and kilometer-sized sea ice floes (Weiss et al. 2007),
and the friction-controlled included angle between conjugate sets of Coulombic shear faults
in submeter-sized specimens is almost the same as the included angle between sliding linear-
kinematic features [taken to be large-scale strike-slip faults (Marko & Thomson 1977, Schulson
2004)]. These two observations, limited although they are, suggest that friction of ice is indepen-
dent of spatial scale. This apparent independence on size is a reflection, perhaps, of the fact that
resistance to sliding originates from the interaction of asperities that are fractal in character where
smaller asperities are superimposed upon larger asperities at all spatial scales.

6. PERMEABILITY

In recent years, the permeability of ice has received increasing attention and, as already noted,
cracks play a role. During peak sea ice melt season, ice permeability regulates the formation of melt
ponds that alter the energy balance of the ice-ocean system by lowering the albedo, accelerating
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melting (Curry et al. 1995, Perovich et al. 2002, Eicken et al. 2004, Serreze et al. 2009, Flocco
etal. 2010, Polashenski et al. 2012), and increasing the availability of light for primary productivity
beneath the ice by reducing the backscattering of light from exposed ice (Frey et al. 2011, Arrigo
etal. 2012, Nicolaus etal. 2012). In freshwater ice, the permeability of firn allows surface meltwater
to infiltrate and warm subsurface firn, creating perennial firn aquifers (e.g., Forster et al. 2014,
Miege etal. 2016, Miller etal. 2020). Elsewhere, the sudden onset of percolation below supraglacial
lakes can deliver large volumes of water to the bed, reducing basal traction (Zwally et al. 2002,
Das et al. 2008, Andrews et al. 2018, Chudley et al. 2019). In some cases, reduced basal tractions
drive transient ice-sheet acceleration that triggers additional lake drainage (Stevens et al. 2015,
Christoffersen et al. 2018). Where cracking acts is detailed in Sections 6.1 and 6.2.

6.1. Sea Ice

Most experimental laboratory studies of ice have focused on variations with temperature in the
permeability of columnar, saline ice (Ono & Kasai 1985, Kawamura et al. 2006, Golden et al.
2007, Pringle et al. 2009). These laboratory studies have been complemented by several notable
field studies that also address the variation in sea ice permeability with temperature (Golden 2001,
Eicken et al. 2002, Freitag & Eicken 2003, Polashenski et al. 2017). Much of this work was mo-
tivated by the observation that sea ice is effectively impermeable for porosities less than about
5% (Weeks & Ackley1986). Saline ice porosity is directly related to temperature (Frankenstein &
Garner1967): As the temperature of sea ice rises, the volume of brine pockets, and hence porosity,
grows to maintain their salinity at the freezing point. When the porosity increases beyond a critical
threshold [about 5% for columnar first year ice (Golden et al. 1998)], both percolation theory and
experimental observations indicate that percolation onsets as the pores form a connected pathway
through the ice. In the field, however, infiltrating freshwater from melting snow can freeze and
block pathways, sealing the ice against percolation. Given sufficient snow, Polashenski et al. (2017)
observed that percolation blockage limits sea ice permeability for ice temperatures less than ~1°C.

In addition to brine pockets and channels, cracks/fractures, at scales both large and small, are
common in sea ice (Kwok 2001, Schulson 2004). Above a critical fracture density, cracks link to-
gether to create a continuous pathway for flow and thus can also contribute to the critical behavior
of ice permeability (Renshaw 1999). Yet the impact of inelastic deformation on the permeability
of ice has received less attention. Renshaw et al. (2018) observed that when confinement was suf-
ficient to suppress frictional sliding, the applied compression closed cracks and brine channels,
decreasing ice permeability, in some cases by orders of magnitude. A potentially important im-
plication of this observation concerns wave-energy dissipation. When sufficiently permeable, the
dissipation of wave energy is dominated by the migration of brine through the ice (Marchenko &
Lishman 2017). However, above some critical wave amplitude, compression induced by bending
might lower permeability to the point of inhibiting brine migration and, thus, of limiting wave-
energy dissipation. An implication is an increase in coastal erosion.

It is likely that both cracks and brine channels contribute to sea ice permeability, with their
relative contributions spanning a continuum across different conditions of temperature, salinity,
wind stress, etc. Although systematic studies remain to be performed, Renshaw & Schulson (2017)
sought to define the fracture end member of this continuum by investigating the role of strain
in controlling crack-induced percolation in freshwater columnar ice—i.e., in ice free from brine
channels. They found that the threshold for along-column permeability corresponds with the
ductile peak compressive strength (~2 to 3 MPa for 3- to 8-mm columnar ice loaded across the
columns) and that lateral connectivity only develops over a limited distance. Although in low-
porosity freshwater, columnar ice, the applied stress corresponding to the onset of along-column
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percolation is higher than measured stresses in sea ice (Richter-Menge et al. 2002), porous saline
ice is softer and hence the threshold stress required to impart the critical strain for percolation is
likely to be lower. The limited lateral connectivity of the flow networks probably contributes to the
observation that the fraction of late-summer melt pond coverage is near the critical percolation
threshold below which the ponds are largely disconnected (Popovic et al. 2020).

6.2. Glacier Ice

The idea that the rapid drainage of supraglacial lakes is due to the propagation of large (kilometer-
scale length) hydro-fractures directly beneath the lake has received intense study (e.g., Das et al.
2008, Doyle et al. 2013, Stevens et al. 2015, Christoffersen et al. 2018), particularly as supraglacial
lakes have become larger and more numerous and have expanded their range inland to higher
elevations (Howat et al. 2013). While the basic principles of hydro-fracture through glacial ice are
well understood (van der Veen 2007, Krawczynski 2009), the mechanism that initiates the hydro-
fractures is less certain (Doyle et al. 2013) but may be related to increased lake volume reactivating
preexisting fractures (Chudley et al. 2019) or surface stress perturbations related to hydrologically
induced basal slip (Stevens et al. 2015, Christoffersen et al. 2018).

The scarcity of experimental laboratory studies of surface initiating hydraulic fractures reflects
the logistical challenges in creating such cracks in laboratory samples. However, recent work on
the cracking of granular ice (Renshaw et al. 2019, 2020) has revealed insight into how connected
flow pathways are created. At relatively high strain rates that are still lower than the DB transi-
tional strain rate (Schulson 1990, Renshaw & Schulson 2001), the strain at percolation is scale
invariant, flow paths are distributed across the sample, and percolation occurs at crack densities
similar to those predicted by percolation theory. Further, with additional strain the crack density
remains nearly constant after the onset of percolation even while permeability increases, indicat-
ing that after the onset of percolation the increase in permeability is primarily due to the opening
of existing cracks rather than the extension of cracks. Because after the onset of percolation addi-
tional strain does not impart additional crack growth, the effective elastic properties (e.g., Young’s
modulus) are mostly insensitive to postpercolation strain. An implication is that after the onset
of percolation, measurements that reflect changes in effective elastic properties, such as seismic
velocities, are likely insensitive to the evolving changes in permeability with additional strain.

At lower strain rates (e.g., lower than 107° s~! in uniaxially compressed 1- to 2-mm grain-size
freshwater, granular ice at —10°C), the percolation threshold is scale dependent and flow occurs
mostly along a single flow pathway controlled by the longest cracks. That is, crack propagation
at strain rates below a critical threshold is consistent with the idea of the onset of percolation
being controlled by the growth of a small number of large cracks. Above this threshold strain
rate, however, cracking is expected to be more distributed and so the onset of percolation results
from the interconnection of many smaller cracks. Notably, measured surface strain rates near
rapidly draining supraglacial lakes are of order 10~ s=! (Chudley et al. 2019)—i.e., within the
regime where permeability is expected to be controlled by the growth of a few long cracks such
as hydraulic fractures rather than the connection of many smaller cracks.

7. FUTURE WORK

In its multiple forms, from temperate glaciers to ice covers to icy crusts within the outer Solar
System, water ice constitutes a major structural material within both terrestrial and extraterres-
trial geophysical systems. It may be loaded either slowly or rapidly under a variety of stress states
and may fail in either a brittle manner after little inelastic deformation or a ductile manner af-
ter extensive flow. We hope this review serves to describe recent progress on the character and
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physics of brittle failure, friction and its role in brittle compressive failure, and crack-induced
permeability. More work is needed, both to deepen the understanding of ice per se and—owing
to its distinct experimental advantages, including simplified mineralogy, grain-size control, opti-
cal transparency, and easy sample preparation and disposal—to further elucidate the behavior of
other natural materials.

7.1. Fatigue

The apparent resistance to fatigue failure of warm, pristine ice is rather surprising. Is the resis-
tance only apparent, the real behavior hidden by the statistical character of the process and by the
relatively few experiments to date? Or is the resistance a manifestation of some kind of dynamic
crack healing? Does cold ice show similar resistance?

7.2. Fracture and Calving

To gain further insight into the underlying mechanisms, there is a pressing need for experimental
studies, guided by fracture mechanics, to complement numerical simulations of calving glaciers.

7.3. Brittle and Brittle-Like Compressive Failure

The nature of C and P faulting in both warm and cold ice may be enlightened further by investi-
gating the role of porosity and its distribution, taking cognizance of pore collapse and the crushing
of ice adjacent to pore walls. Ice may well serve as a model for crustal rock.

7.4. Friction

The models of asperity interaction that have been proposed to account for the coefficients of
static and kinetic friction are based predominantly upon supposition. To advance understanding,
direct observations of sliding interfaces are needed, with attention to stick-slip, to spatiotemporal
dynamics, and to possible rupture fronts (Svetlizky et al. 2019). A potential avenue for exploration
might be to exploit the proposed fractal character of the interface and to investigate scaled models.

7.5. Failure of Cold, Salty Ice

In relation to extraterrestrial studies and to the mechanics of the icy crusts of a number of planetary
satellites, work is needed on the mechanical properties of cold water ice enriched with NaCl,
MgSOs, and possibly other salts. In contrast to the more coarsely grained, fully dense ice studied
to date, sintered microspheres and finely grained, porous material merit attention.

7.6. Failure of Healed Ice

While new damage in the form of microcracks is continually being imparted when ice is loaded
under natural forcing, old damage is continually healing, lessening its weakening effect. Simi-
larly, healed interfaces can, in some cases, be stronger than the original parent material, owing
presumably to a different microstructure. Healing and interfacial strengthening remain to be sys-
tematically studied.

7.7. Permeability

Although significant progress has been made in understanding how cracks lead to the creation
of new flow pathways to allow permeability, studies to date have been limited to ice with very
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low porosity. Even in the absence of microfracturing, it is known that sufficient porosity per se
can result in flow pathways. Additional work is needed to understand how fracture and porosity
interact.
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