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ABSTRACT. Laboratory-prepared fine-grained. initially isotropic polycrystalline
ice samples were deformed under conditions of simple shear with simultaneous
uniaxial compression at a constant temperature of —2.0°C. The aim was to investigate
the effects of stress configuration on the flow rate of initally isotropic ice and on ice
with subsequent stress and strain-induced anisotropy. Experiments were carried out
[or various combinations of shear and compression with shear stress ranging [rom 0 to
0.49 MPa and compressive stress ranging [rom 0 to 0.98 MPa, but such that for every
experiment the octahedral shear stress was 0.4 MPa.

The strain curves resulting [rom the experiments clearly exhibit minimum strain
rates while the ice is still 1sotropic, and steady-state tertiary strain rates along with the
development of steady-state anisotropic fabric patterns. With constant octahedral
stress (root-mean-square of the principal stress deviators), the minimum octahedral
shear-strain rate has no dependence on stress configuration. This result supports the
hypothesis that the flow of isotropic ice is dependent only on the second invariant of
the stress tensor. This fundamental assumption has been used to provide a general
description of ice-flow behaviour independent of the stress conficuration (e.g. Nye,
1883 Glen, 1958; Budd, 1969).

For the tertiary flow ol anisotropic ice, the octahedral strain rate is stress-state
dependent as a consequence of the developed crystal-orientation fabric, which is also
stress-state dependent, and which develops with strain and rotation. The present tests
indicate that the enhancement [actor lor steady-state tertiary octahedral shear-strain
rate depends on the shear or compression fraction and varies from about 10 for simple
shear (with zero compression) to about 3 for uniaxial compression (with zero shear).

BACKGROUND

I'or isotropic ice, a common assumption, that the flow is
governed by a relation between the second invariants of
the stress- and strain-rate deviator tensors, is adopted as
proposed by Nye (1933) to allow the experimental results
[or compression, shear and other more complex stress
configurations to be used for the specification of the flow
properties of ice independent of stress configuration. The
power flow law in terms of the octahedral values of stress,
7o and strain rate, € is taken in the form

€ = Aﬂ'; (l)

where A is dependent on temperature and possibly other
properties of the ice. A large number of laboratory ice-
deformation tests on polycrystalline ice has suggested a
value of 3 for the exponent n (e.g. Glen, 1958; Lile, 1978,
1984; Russell-Head and Budd, 1979; Hooke, 1981; Mellor
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and Cole, 1982: Jacka, 1984; Budd and Jacka, 1989).
Most of these laboratory tests were performed in uniaxial
compression or tension, or in simple shear. These stress
configurations are commonly used as special extreme
cases, because they are relatively simple to establish in the
laboratory and have relevance to the deformation of
natural ice masses. It is important, however, also to
examine more complex stress systems, because these are
the general cases to be expected in the field.

The flow-law dependence on the second invariant has
been proposed to generalize the {low rates measured in
different stress configurations to a common relationship.
The second invariant hypothesis has been tested by a
comparison of strain rates for compression and shear tests
independently along with comparisons in terms of
(1958)
compared cffective values of minimum strain rates in

octahedral stress and strain rates. Steinemann

shear (torsion of hollow cylinders) and compression at

-1.9°C in the stress range 0.1 1.0 MPa. He found
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approximate agreement of the minimum strain rates but
those in compression tended to be slightly higher. Using
the data from Steinemann’s tests under simple shear and
combined shear and compression, Glen (1938) also made
an equivalent comparison by plotting values of the second
invariant of the strain-rate tensor against the second
invariant of the stress deviator. He found that, although
the results provided some support for the hypothesis, some
marked discrepancies clearly existed. Baker (1987) made

more systemaltic investigations by deforming samples of

isotropic glacier ice under conditions ol simple shear with
simultaneous uniaxial compression at a constant tem-
perature of —9.1°C. He concluded that his experimental
results did not support the second invariant hypothesis
and suggested that stress configuration may affect the
deformation of ice much more than suggested by the flow
law. Budd and Jacka (1989) have summarized the results
from a number of compression and shear experiments to
show that at an octahedral shear stress of 0.1 MPa,
minimum (isotropic ice) strain rates for compression and
for shear agree 1o within a factor ol 2. A subsequent re-
analysis of those data revealed an error which made these
shear rates too high by a factor of 2. Consequently, with
the correction, there is agreement in the octahedral rates
for shear and compression from those tests to within about
+20%. For an axial stress of 0.2 MPa compared with the
same simple shear stress the minimum strain rates differed
by about an order of magnitude. Similar results were also
found by Gao [1992) in two sets ol comparison
experiments in uniaxial compression and simple shear
with octahedral shear stress ranging from 0.1 to about
0.4 MPa at a constant temperature ol —2.0°C. His results
showed that for the same octahedral shear stress, the
minimum octahedral shear-strain rates for the shear tests
were slightly higher (10-20%) than those for the
compression tests.

The project described in this paper aims again to test
the validity of the second invariant assumption. This is
done by carrying out systematic tests in simultancous
compression and shear, using a new delormation appa-
ratus which has been specially designed for this stress
configuration, and which allows deformations to be taken
to large strains.

Previous results (cf. Budd and Jacka, 1989) show that
the inidally isotropic ice remains isotropic through to
minimum strain rate at about 1-2% strain but thereafter
gradually develops clearly defined crystal anisotropy
induced by the deformation. By about 30% strain, the
form of anisotropy is clearly developed and approaches a
steady-state pattern directly related 1o the stress config-
uration and the movement picture, including the rota-
tion. The simple extreme forms of e-axis [abric patterns
include the following. Unconfined compression gives a
girdle around the compression axis, concentrated at
about 25-30° to it. Similarly. for uniaxial tension, but
the angle is about 65" (Jacka and Maccagnan, 1984; Li,
1995). For conlined compression the deformation is
essentially plane strain and two maxima in that plane
occur at a similar angle to the compression axis (Budd
and Matsuda, 1974).

For simple shear, initially two maxima occur normal
to the shear planes but as the deformation continues the
maximum normal to the shear plane, which does not
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rotate, becomes dominant and the other gradually
disappears.

These fabrics have also been clearly identified in the
lield in locations where the strain history is well known.
For more general, or intermediate stress states, the fabrics
show a corresponding intermediate pattern. i

For all combined stress tests, the deformations were
continued to high strains until steady-state tertiary flow
was established and the corresponding anisotropic crystal
fabrics were developed. These fabrics showed a clear
transition from predominant compression to predominant
shear in direct relation to the combination of compression
and shear stresses.

The second aim of the project was to determine the
steady-state tertiary strain rates for this ice. with
deformation-induced anisotropy, in relation to the
compatible combined stress situation. It should be noted
that this compatible deformation-induced anisotropy
occurs in natural ice masses and among the commonest
forms are simple shear, with various amounts of
compression normal to the shear plane, as studied here.

EXPERIMENTAL TECHNIQUE

For combined shear and compression measurements there
is a problem of sample shape. For unconfined axial
compression, a cylindrical shape with length several times
the diameter is desirable but not essential (Jacka, 1994).

For simple shear, a sample several times longer in the
direction of shear than across the shear is desirable to
minimize {ree-end effects. For the experiments described
here, rectangular oblong samples with length (L) 60 mm,
width (W) 15 mm and height (H) 32 mm were used with
the long dimension in the direction of shear. Samples were
cut from cylindrical samples of isotropic ice, laboratory
prepared by the technique described by Jacka and Lile
(1984 ).

For these samples, the direct compression perpendi-
cular to the long dimension without shear has shown that
the ice delorms outwards primarily in the short dimension
analogous to the case ol compression confined to two
dimensions, i.e. for the long dimension (in the direction of
the shear) €, = 0. Therefore, the conlined compression
analysis for octahedral stress and strain rates has been
used following Budd (1969, p.17) rather than that for
unconfined compression. The details of these analyses for
a variety of combinations of compression and shear
directions will be published elsewhere. It suflices to say
here that the deformation rates of the oblong samples in
compression, when treated as confined compression, agree
in octahedral terms with deformation rates for unconfined
compression.

For the x axis in the direction of the horizontal shear
and the long dimension of the sample, and z in the
vertical with the direction of the compression, the
lollowing stress components apply. For the case of zero
shear the confined compression stress, o (conlined in the
direction) is equivalent to a combination of plane stress in
pure shear deformation in the xy plane with principal
stresses (0, g/2, —a/2) plus a hydrostatic stress ol —a/2.
This gives principal stresses, o3 = (—a/2, 0. —o).

The addition of a horizontal shear stress 7 in the @
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Fig. 1. Diagram of the apparatus for combined simul-
laneous measurement of ice flow in compression and shear.

direction gives the stress tensor

—-a/2 0 7T
Tijj = 0 0 0 . (2)
T 0 —o

For small 7 the greatest and least principal stresses are in
the xy plane but for large 7 they switch to the zz plane.
This stress situation is also approached by the combined
axial stress and torsion of hollow cylinders (cl. e.g. Kamb,
1972).

The samples tested for this project were polyerystal-
line, with initially isotropic crystal orientation and mean
crystal area, 2070,
controlled by immersion in a silicon oil bath, to £0.1°C
by a method similar 1o that described by Morgan (1979).

2
1.2mm~. Test temperature was

To apply compression and simple shear simul-
taneously, the apparatus shown in Figure 1 was designed
and fabricated. A fuller description of the apparatus will
be published elsewhere. The ice-test sample is frozen
between two support boxes. The lower box is fixed to the
base of the apparatus so that it 1s statonary. The upper
box is attached to a plate which supports the load
applying the compression force. To ensure that the upper
box is compressed perpendicular to the base, i.c. without
tilting laterally,
large-diameter piston guided by a piston housing. The
piston housing is linked to two horizontal guide rails

the compression is applied through a

through linear bearings which allow the housing (and
with it, the piston and upper box) to move horizontally
and independent of the vertical compression. Shear stress
is created by a force applied through a wire, tensioned
(via a pulley and a load cell) by a fixed 50 mm diameter
adjusted to maintain
of up to
2000 N. The tensioned wire is connected to an arm fixed
The vertical position of the pulley can

pneumatic air eylinder which can be
a constant force (measured by the load cell)

o the upper box.
be adjusted to ensure that the shear force is always
applied horizontally through the middle of the ice-test
A dial indicator measures the
horizontal (shear) displacement of the piston housing
with respect to the base. Another dial indicator measures
the vertical (compression) displacement of the piston with

sample during deformation.

respect to the piston housing. Two bakelite (incompres-
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sible, resin-impregnated canvas material) plates are
attached above and below the sample support boxes to
provide thermal insulation.

For ice subject to a combined stress configuration with
confined normal stress @ and compressive strain rate €,
and with shear stress 7 and strain rate
relations are given by

¥, the octahedral

(3)

=

(4)

Enl=

It should be noted that Equations (3) and (4) are
appropriate [or any combination of the magnitudes of
stress [or combined conlined compression and shear. For
example. in the case of uniaxial compression alone
(T =0) or simple shear alone (o =0). Equations (3)
and (4) reduce to the simple forms of octahedral relations
used for uniaxial conflined compression and simple shear,
respectively (Budd, 1969).

As an aside, it is useful also to note the octahedral
relations for the case of unconfined compression:

= —‘f Vo + 37 (5)

r'”:

For the laboratory tests, total compressive strain € at time
t; 1s estimated by the relation

bh; — oh;_,
100 T
Z hu - éh,_ ( )

where 6h; is the absolute
ment (measured by a vertical dial indicator)

value of vertical ice displace-
since the
experiment commenced and hy is the inital sample
height.

The total shear strain 7 at time (; 1s estimated by the
relation

(3,7,71
= 100 8
Zl‘f“ 7hf],,| ( )

where 6l 1s the absolute value of horizontal ice

displacement (measured by a horizontal dial indicator)
since the experiment commenced. For simple shear
6h; = 0 is ensured.

The strain rate over the consecutive time interval ¢; to

ticq(h) is estimated for compression, by

€0i+1 — €0i 1

sp TR
€ 100 3600t —1,)

and for shear. by

(9)

e =) Yoi4+1 — Yoi 1
S=1) = . 1
i(s7) 100 360006, — 1) (0

The octahedral shear-strain rate, ¢ is then calculated
from Equation (4).

Experiments were carried out for various combina-
tions of compression and shear with shear stress ranging
from 0 to 0.49 MPa and compressive stress ranging from 0
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Fig. 2. Creep curves (log-log plots of octahedral strain
rate as a_function of octahedral strain) for ice-deformation
tests in various combinations of compression and shear.
The combined oclahedral stress for all tests was 0.4 MPa.
The test lemperature was —2.0°C.

to 0.98 MPa but such that, based on Equation (3), the
corresponding octahedral shear stress was in all cases
0.4 MPa. All experiments were run Lo lertiary creep,
typically at 20-40% strain.

RESULTS

Creep curves for each test are shown in Figure 2. Results

are summarized in Table 1. The creep curves are plots of

octahedral strain rate as a function of octahedral strain
and demonstrate that, under these test conditions, the
isotropic octahedral strain rates (i.e. the strain rates up to
minimum) are very similar. This finding supports the
hypothesis (Nye, 1953) that the flow in combined stress
situations can be represented by a power relation between
the octahedral shear-strain rate and the octahedral shear
stress, which implies dependence on the second invariants
alone.

However, Table 1 also shows that
octahedral shear stress 7y (in spite of some scatter) the
minimum compressive strain rate €, does not appear to
increase linearly with the compressive stress a as implied
by the Nye (19533) relation. By contrast, the minimum

for constant

rates in combined compression and shear

shear-strain rate 4, appears to increase much more than
linearly with the applied shear stress 7 for constant
octahedral shear stress. This indicates that even for
isotropic ice the Glen-Nye type of flow relation needs
some modification for combined stress situations.

Beyond the minimum strain rate (i.e. as polycrystal
anisotropy develops), each of the curves exhibits strain
rates increasing to near constant tertiary values. The
“shear only” curve (i.e. ¢ =0) increases to a greater
tertiary strain rate than the other samples (tertiary strain
rate a factor of ~10 greater than the minimum isotropic
ice strain rate) and the greater the amount of compression
(i.e. the less the amount of shear), the lower the tertiary
strain rate.

The patterns of crystal-orientation fabrics developed
in tertiary flow depend very much on the stress
configuration and the rotation. The stress configuration
reflects the relative magnitudes of the principal stress
deviators and is independent of rotation. Using the stress-
configuration parameter, A of Lile (1984) in terms of the
three principal shear stresses, 7y, 72 and 73, the stress
configuration for confined compression and simple shear
is the same with

73— T

A 0

(11)
T3

These two deformation systems (confined compression
and simple shear) differ only in their boundary con-
straints and the material rotation. The tertiary fabrics
which develop for the confined compression are two
maxima primarily in the plane of deformation at about
25-307 to the compression axis. For simple shear after the
initial formation of two maxima, the maximum perpen-
dicular to the applied shear plane becomes dominant and
eventually includes most of the crystals. Simple shear
becomes the “easiest glide™ form for polycrystalline ice,
short of being a compatible combination of single crystals.
For combined stress tests, it that the
important parameters are the relative [ractions of the
octahedral shear stress, of shear or compression.

For the stress conliguration used in these combined
stress tests with horizontal shear 7 and vertical compres-
sion @ confined in the direction of the horizontal shear,

is considered

Table 1. Compressive stress o and shear stress T in various combinations required lo deliver a combined octahedral shear
stress of 0.4 MPa ( Equation (3)) are tabulated along with As ( Equation (12) ) and A ( Equation (13) ), the strain
rates measured in compression (€), in shear () and calculated ( Equation (8) ) for the octohedral case (€y), at minimum

(subscript mv) and tertiary ( subscript t)

ag T Ac As m Fim €0m € ol €0
MPa MPa s 5! 5! 5! 5 5!
0.00 049 000 100 ©53x107 43x107 C 49x%x10° 40x10°
0.16 048 017  0.99 40x 107 12x107 34x107 1.0x10° 39x10° 33x10"
0.34 046 034  0.94 20x 107 39x107 36x107 14x10° 37x10° 32x10°
049 042 050  0.86 2.1x 107 35x107 33x107 15x10° 24x10° 23x10°
0.73 032 075 066  42x107 32x10° 34x107 90x107 12x10° 12x10°"
090 019 092 039 4£1x107 12x10°% 33x107 78x107 44x10" 72x10’
098 0.0 100 0.0 3.9 x 107 32x 107 12x10° 9.5 x 1077

t) =S
https://doim’%gll 0.3189/50260305500013501 Published online by Cambridge University Press
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Fig. 3. Plots of combined oclahedral strain rate al
minimum (isolropic) strain rate and at tertiary (aniso-
tropic) strain rate (log scale) as a_function of Ae (linear
scale ). Corresponding values of Ny are also shown. The
minimum octahedral strain rales (for isolropic ice) are
relatively constant, whereas the tertiary rates (with
strongly developed fabries) give enhancements relative to
minimum of about a_factor of 3 for compression (o about a
Jactor of 10 for shear. The combined octahedral stress for
all tests was 0.4 MPa. The test temperature was —2.0°C.

and with transverse extension, the octahedral shear stress
is given by Equation (3).

We deline the “shear fraction™ and the “compression
fraction™ of the octahedral shear stress, respectively, as

N (12)
Y Vel 472
and
e, (13)
o2 + 472

These fractions vary from 0 o | and 1 to 0,
respectively, as the stress situation varies [rom purely
confined simple compression (7=0) to purely simple
shear (0 =0). The octahedral shear-strain rates for
minimum (secondary flow with stll isotropic ice) and
for tertiary flow (with well-developed fabrics) are shown
in Figure 3 as a function ol the shear and compression
fractions.

This figure again shows that minimum octahedral
shear-strain rate remains unchanged for all combinations
of the level of shear versus the level of compression (for the
fixed octahedral swess of 0.4 MPa). For the tertiary
(anisotropic ice) strain rates, the figure provides a
measure of enhancement factor, varying from ~3 for
compression alone to ~10 for shear alone. While a
straight line (on this log—linear plot) is the best estimate
that can be made between these two values at this stage,
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further experiments are under way to confirm the details
of this relationship over a large range of temperature and
octahedral shear stress.

CONCLUSIONS AND DISCUSSION

The comparison outlined above indicates for isotropic ice
that the octahedral expressions do bring the flow rates
emanating from different stress conligurations together.
However, this does not necessarily apply to the separate
compressive and shear-strain rates under combined stress
situations.

Tertiary strain rates are strongly stress-confliguration-
dependent as a consequence of the fabrie that develops
with strain as a property of the stress conliguration and
the deformation pattern. The enhancement factor for
tertiary octahedral shear-strain rate is about 10 for simple
shear and decreases to about 3 with increasing confined
compressive-stress component.

The steady-state tertiary flow rate for anisotropic
polyerystalline ice has been considered as an enhance-
ment of strain rate over the minimum isotropic flow rate.
Earlier laboratory experimental results have indicated
that this enhancement factor is dependent on stress
configuration and the degree of developed anisotropy
related to total strain. Over a wide range of stress and
temperature the enhancement was found to have a value
ol about 3 (Jacka and Maccagnan, 1984) for unconfined
uniaxial compression in “casy glide” (i.e. the anisotropy is
compatible with the stress configuration) and 5-10 for
simple shear in “easy glide” depending on the strength of
the single maximum [abric (Russell-Head and Budd,
1979; Russell-Head, 1985). A flow law in terms of
octahedral values for anisotropic ice may now he
represented by incorporating a variable enhancement
factor E dependent on the degree of shear or compression,
Thus

€ = EAT) (14)

where ¢y 15 the octahedral shear-strain rate for aniso-
tropic ice. For steady-state tertiary flow in which the
anisotropy has been developed by a compatible stress
configuration, E has a value of ~10 for simple shear and 3
for compression (Jacka and Budd, 1989). Results
obtained in this study provide additional support to this
concept. In addition, Figure 3 provides an indication of
the values of E for the combined stress situations with
vertical confined compression superimposed on horizontal
shear, Although these detailed combined stress data are
only available for a limited range of stresses and
temperatures at this stage, the tertiary flow rates for
simple shear and compression have been studied over a
wider range of stresses and temperatures. Based on Figure
3, we propose the following general relationship for the
octahedral shear [raction Ay or compression [raction A.. If
€c 1s the octahedral tertiary strain rate for compression
alone (A, = 1) and € is the octahedral tertiary strain rate
for simple shear alone (A, =0), then the experimental
data give a log-linear relation of the form

logéy =logeé. + (1 — A){logé. —logeé.},  (15)
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or more simply

o
Er
fo= 6| — ) (16
0 (fh) (16)

Although the shear and compression fractions are simply
symmetrically related by

Ai=1—Re", (17)

the experimental data suggest the corresponding relation
in terms of the shear fraction follows approximately

sy R

0 :
€0 = € (—) y (18)

€e

These relations may be expressed in terms of
enhancement [actors relative to the minimum strain rate
for isotropic ice €, for which the flow rates are well
established (Budd and Jacka, 1989). If E. and £, are the
respective enhancement factors for compression and shear
alone, then the enhancement factor for the combined
stress situation, E) with compression fraction A. is given
by

, B\

with E, =~3 and E, =~10.

In octahedral terms there are relatively little difler-
ences between confined and unconfined compression so
we expect Equation (16) to hold reasonably well over a
wide range of stress situations. Other stress situations will
be examined further in the future. For the present, the
stress situation with compression approximately normal
to the direction of shear is perhaps the commonest
combined system lound in deforming ice masses and the
results presented here can be used generally for inter-
pretation of field data and for ice-sheet modelling.

REFERENCES

Baker. R.\W. 1987. s the creep of ice really independent of the third
deviatoric stress invariant? futernational Association of Hydrological
Sciences Publication 170 (Symposium at Vancouver 1987 — Physical
Basis of Ice Sheet Modelling), 7-16.

https://doi.org/%%3189/5026030550001 3501 Published online by Cambridge University Press

Budd, W. 1969, The dynamics ol ice masses. ANARE Sci. Rep.. Ser.
(I17) Glaciology 108.

Budd, W.F. and T. H. Jacka. 1989. A review ol ice rheology for ice sheet
madelling, Cold Reg. Sei. Technol.. 1612), 107144,

Budd. W.F. and M. Matsuda. 1974, Nijiku-kuripu asshuka ni okeru
takesshohyo no sentakuhoisel ni tsuite [On preferred orientation of
polycrystalline ice by biaxial creep|. Low Temp. Sci.. Ser. A, 32, 261
2635,

Gao, X. Q. 1992. Laboratory studies ol the development of anisotropic
crystal structure and  the flow properties of ice. (PhD. thesis,
University of Melbourne. )

Glen, J.W. 1938, The Qow law ol ice: a discussion of the assumptions
made in glacier theory, their experimental foundation and
consequences, futernational Association of Scientific Hydrology Publication
47 (Symposium at Chamonix 1958 — Physics of the Movement of the
feey, 171-188.

Hooke, R.LeB, 1981, Flow law for polyerystalline ice in glaciers:
comparison of theoretical predictions. laboratory data, and field
measurements. Rev. Geophys, Space Phys., 1904, 664-672.

Jacka., T.H. 1984. The time and strain required for development of

minimum strain rates in ice, Cold Reg. Sci. Technol., 8(3), 261-268.

Jacka. T.H. 1994, Tnvestigations ol discrepancies between laboratory

studies of the fow of ice: density, sample shape and size, and grain-
size. Ann. Glaciol., 19, 146154,

Jacka, T.H. and W.T. Budd. 1989. Isotropic and anisotropic {low

relations for ice dynamics. Ann. Glaciol., 12, 8184

Jacka, T.H. and R.C. Lile. 1984. Sample preparvation technicues ancd

compression apparatus for ice low studies. Cold Reg. Sei. Technol..
8(3), 235-240,

Jacka, T.H. and M. Maccagnan. 1984. lee erystallographic and strain

rate changes with strain in compression and extension. Cold Reg. Sci.
Technol., 8(3), 269-286.

Kamb, B. 1972, Experimental recrystallization of ice under stress. fn
Heard, H. C., 1.Y. Borg, N.L. Carter and C.B. Raleigh, eds. Flow
and fracture of rocks. Washington, DC. American Geophysical Union,
211-241. (Geaphysical Monograph 16.

Li. J. 1993, Interrelation between flow properties and crystal structure of
snow and ice. (Ph.D. thesis, University of’ Melbourne. )

Lile, R. C, 1978. The ellect of anisotropy on the creep ol polyerystalline
ice. 7. Glaciol., 21(85), 475483,

Lile, R. C. 1984, The flow law [or isotropic and anisotropic ice at low
strain rates. ANARE Rep. 132

Mellor. M. and D. M. Cole, 1982. Deformation and failure of ice under
constant stress or constant strain-rate. Cold Reg. Sei. Technol.. 513 ),
201219,

Morgan, V. 1. 1979, A system for accurate temperature control ol small
luid baths. J. Glaciol., 22(87), 589 391.

Nye, J.F. 1953, The flow law ol ice from measurements in glacier
tunnels, laboratory experiments and the Jungfraufirn borehole
experiment. Proc. R. Soc. London, Ser.A, 219(1139), 477 489,

Russell-Head, D.S. 1985. Shear deformation of ice to large strains.
ANARE Res. Notes 28, 118124,

Russell-Head, D.S. and W.F. Budd. 1979, Tee-sheet low properties
derived from hore-hole shear measurements combined with ice-core
studies, J. Glaciol., 24(90), 117130,

Steinemann, S. 19538, Experimentelle Untersuchungen zur Plastizitit
von Eis. Beitr. Geol. Schweiz, Geotech. Ser., Hydrol. 10.


https://doi.org/10.3189/S0260305500013501

