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SUMMARY

The results of laboratory creep tests in a shear apparatus at -5C
on 2x2x3/8 in. samples of commercial ice, artificial single crystals,
and 6 types of ice from the Greenland Ice Cap, at shear stresses of about
0.5-3 kg/cm2 are reported. Some uniaxial tests were made at stresses
from 6-28 kg/cm to supplement the shear tests. Creep data could
usually be represented approximately by one or more linear sections on
a log-deformation vs log-time plot. The linear sections of the double
logarithmic curve imply a creep curve of the form e = ctm, where e is
the- strain. For all samples tested, except single crystals sheared in
easy glide, m averaged 0. 5 for shear deformations up to about 1%, arid
approached unity for more deformation. For single ice crystals oriented
for easy glide, m averaged 1.7, implying a strain softening. Single
crystals oriented for hard glide behaved similarly to polycrystals, in
dicating a rate-controlling process such as dislocation climb. For all
but single easy-glide crystals, the minimum creep rate was tangent to
the deformation curve at the end of the experiment. Creep rates for
single easy-glide crystals were several hundred times larger than for
the other crystals, the flow laws being similar.



THE FLOW LAW FOR ICE

by

T. R. Butkovich and j. K. Landauer

Introduction

Much discussion has been devoted to the creep.curve for ice, for a flow law must be
the basis of any theory of glacier movement. This flow law is also of general rheological
interest because it covers a region near to the melting point - an area difficult to investi
gate for most materials. Although there presently exists a considerable amount of in
formation on the flow law for ice, it is to some extent contradictory. Some results point
to a simple power law relationship between stress and strain rate (Gerrard, Perutz and
Roch, 1952; Glen, 1955; Steinemann, 1954; Landauer, 1957), while others indicate a
linear relationship or some combination of the two (Haefeli, 1952; Glen, and Perutz,
1954; Glen, 1956; Haefeli and Brentani, 1955; Jellinek and Brill, 1956). Other functional
relations have also been considered (Meier, 1957).

It is hoped that a series of creep tests on various types of ice might shed more light
on the subject. To this end, a large number of creep tests were performed using a
small shear apparatus and some uniaxial tests were added to these to cover a wider range
of stress. These experiments were carried out both in the laboratory and in.the field.

Types of ice

Commercial ice, as obtained from an ice plant, and artificially grown single crystals
(Landauer, 1958) were tested in the laboratory. Other ice used was from the Thule area
in Northwest Greenland where a 1100 ft tunnel into the ice cap provided an opportunity
to test the glacier ice. Five types of ice from the tunnel were tested on the basis of
cutting ease, bubble inclusions, dirt banding, and color (Butkovich, 1958). Ice was also
studied from near the glacier ramp surface. These ice types are described in Table I.

Some attempt was made to determine the effect of orientation on the deformation
behavior of the ices. The single crystals were sheared in both easy and hard glide. For
easy glide, the c-axis was normal to the direction of the applied shear stress so that
gliding could take place on the basal plane. For hard glide, the c-axis was still normal
to the direction of shear but the basal planes were positioned so that the resolved shear
stress on them was zero (Fig. 1).

For the tunnel ice, samples were sliced from both vertical and horizontal cores.
These cores were taken normal to the tunnel axis and thus approximately normal to the
glacier movement. Vertical cores were taken from the ramp ice so that the large faces
of the shear specimens were parallel to the ramp surface.

Experiment

A simple creep apparatus that could be used in the field was designed (Fig. 2).
ice specimen 2x2x 3/8 in. was frozen into
place, a load applied, and the deformation
determined with a 0.001-in. dial gage. Five
such apparatuses were used simultaneously

l
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(a) EASY GLIDE (b) HARD GLIDE

Figure 1. Single crystal
orientation.

Figure 2. The shear apparatus
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Table I. Types of ice studied.

Designation Crystal structure Color Bubbles Dirt

Mean

density
(g/cm*) Remarks

Commercial Polycrystalline: grain
size - columnar a few

mm by several cm

Clear None None 0.917

Single Single but with some
optical distortion

Clear None None 0.917 Pencil-shaped substructures
exist with mis-orientations

less than 1 deg.

Tunnel 1 Polycrystalline: equi-
granular grains avg
diam - 2 mm

White Numerous

irregular
None 0.905 Superimposed ice, probably

not active. May have been
formed by water-soaked
wind-deposited snow.

Tunnel 2 Polycrystalline: equi-
granular grains avg
diam - 7 mm

Clear Elongated
and aligned

None 0.909 Active glacier ice, unbanded

Tunnel 3 Polycrystalline: equi-
granular grains avg
diam - 7 mm

Brownish

in situ

Elongated
and aligned

Banded

in silt

0.907 Active ice with marked dirt

bands parallel to flow
direction^.

Tunnel 4 Polycrystalline: strong
ly oriented, equigranu-
lar grains, avg
diam - 5 mm

Pastel

blue

in situ

Distributed

homogeneous
ly, spherical,
small

None 0.915 Active ice, clean but harder
to pick than adjacent ice.

Tunnel 5 Polycrystalline: equi-
granular grains avg
diam - 2 mm

Clear

blue

in situ

Few None 0.915 Similar to Tunnel 1 but with

less bubbles and having a
much darker blue appear
ance.

Ramp Polycrystalline: equi-
granular grains avg
diam - 10 mm

Whitish Large,
numerous,

in horiz

ontal bands

None -0. 89 A layered superimposed ice
of low density.

o

>

.o
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to allow testing at five stresses from about 6. 5 kg/cm2 to about 3 kg/cm2. The ice
samples were cut from a block or 3-in. diam core with an electric band saw. This
process gave a reasonably smooth cut, so no further preparation was needed. Creep
tests were continued for about 5 days, or occasionally less because of failure (usually
at the ice-metal interface). These tests were conducted at temperatures near to -5C
(-4 to -6.5C).

Additional creep data were obtained from uniaxial tests at higher stresses, using
3-in. diam ice cores and a mechanical press. These cores were obtained with the
USA SIPRE auger and were cut to about 8 or 9 in. lengths with the electric band saw.
Again, no further preparation was needed. In these tests, creep was measured at con
stant compressive loads ranging from 7 to 28 kg/cm2 for times up to about 2500 sec
(for the lower stresses) at temperatures of about -5C.

For both types of tests, the stress was effectively constant throughout the test. The
minimum creep rate was determined from the slope of the creep-time curves; however,
for the uniaxial case the creep rate was multiplied by \[T to correspond to the creep
rate in shear. Similarly, the uniaxial stress was divided by n/3~ to approximate the
effective shear stress. (See Nye, 1953, eq 29).

Results

After being stressed in shear for about one week, the samples appeared to be homo
geneously deformed. Occasionally, after long periods of straining at the highest stresses
step-like surfaces developed at the top and bottom of the crystal, indicating preferential
gliding. All of the data reported here are for homogeneous deformation for which the
total shear deformation was less than about 10%.

Fabric diagrams were made of the c-axis orientations of the polycrystalline ice be
fore and after shearing. No importanfchanges in orientation were observed for selected
specimens sheared under a wide range of stresses. The single crystals did not recrys-
tallize but severe distortion was apparent for the hard glide orientation.

Creep cur-ves. The creep data could usually be represented approximately by one
or more linear sections on a log deformation vs log time plot. For these curves the
elastic component was subtracted from the creep deformation, although this correction
was negligible in most cases. The linear sections of the double logarithmic curve
imply a creep curve of the form

,m
e = c t

where e is the strain. Such a relation has been observed for snow (Landauer, 1955) and
for ice (Jellinek, and Brill, 1956). m can have different values as the deformation pro
gresses. For all ices except the single-easy glide, m averaged about 0. 5 for shear
deformations up to the neighborhood of 1%. For more-deformation, m approached unity.
A somewhat better than typical set of curves for Tunnel Ice 4 is shown in Figure 3. The
values of m for these curves were taken from between times of 102 to 104 minutes. An
analysis oF~these data on the basis of a creep law of the form

e = pt3 + Kt,

as suggested by Glen (1955), was not appreciably more successful than the power law
relation used here. Too much significance should not be given to the value of m obtained,
for the creep law suggested is, at best, only a rough approximation.

For single-crystal ice oriented for easy glide, the value of m averaged 1. 7. This
result, implying a strain softening, has been obtained previously for single crystals
(Jellinek and Brill, 1956; Steinemann, 1954). For polycrystalline ice, gliding on the
basal plane is inhibited by neighboring grains and the rate-controlling mechanism is
not basal glide. The fact that single crystals oriented for hard glide behave similarly
to polycrystals implies a rate-controlling process such as dislocation climb. Since the
single crystals tested were initially imperfect, with optical anomalies manifested by
undulatory extinction and with small angle substructure boundaries of less than 1 deg,
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Table II. Analysis of the stress dependence of the minimum shear strain rate (t in kg/cm2).

F or For For

Number of

specimens

y = A sinh (t/t0) Y - ar + b-r3 Y =k
Tn

Type of ice AxlO8 (sec-i) t0 (kg/cm2) axl08(sec-1) bxl08(sec-1) kxl08(sec_1) n

Single-easy 6 24. 0.47 44. 7 94. 5 134. 2.49

Single-hard 8 0.068 0.44 0.0456 0.493 0. 56 2. 74

Tunnel 1 25 0.66 1. 50 0.27 0. 39 0. 73 2. 69

Tunnel 2 28 0. 62 1.0 -0.079 2. 53 0. 83 3.47

Tunnel 3 19 3. 1 1.33 1. 77 1. 54 2. 53 2.86

Tunnel 4 31 0.085 0. 70 0. 205 0- 408 0. 37 2. 94

Tunnel 5 10 1. 7 1.6 0. 821 0. 337 1.23 2.42

Ramp 20 2.4 1.36 0.46° 1.34 1.85 2. 62

Commercial 9 0.096 0. 39 -0. 52 4.0 1. 88 3. 53

deformation could take place by polygonization which would be. unnoticed because of the
original defect structures.

Flow law. The deformation-time curves were plotted and the minimum creep rates
determined. For all but the single crystals oriented for easy glide, the minimum creep
rate was the tangent to the deformation curve at the end of the experiment. All of the
data are plotted in Figure 4. A total of 156 specimens were tested. The stress de
pendence of the minimum creep rates was analyzed using the following flow laws:

y = A sinh ( t/t0 )

•y = ar + bT3

y = kTn

(1)

(2)

(3)

where y is the minimum shear strain rate and r is the shear stress. Results for
each type of ice for these three laws are summarized in Table II where t is expressed
in kg/cm2 and y in sec"1. The temperature for all of these experiments was about
-5C. The hyperbolic sine relation was fit by inspection, the sum of linear and cubic
terms was fit by least squares analysis of

y/r3 = a/r2+b

and the power law parameters were determined by least squares. The least squares
value for the constants in eq 3 for all the data, excluding the single crystals oriented fo-r
easy glide, is

k = 0.863xl0-8 and n = 2.96.

Considerably more scatter is found for the parameters in eq 1 and 2 than in 3. .
Therefore, the power flow law is taken as the best empirical relation to express the
data.

The exponent in the flow law for single crystal ice is seen to be similar to that for
polycrystalline ice, although when oriented for easy glide the minimum creep rate is
several hundred times greater.

It should be noted in Figure 4 that the uniaxial data (shear stresses greater than
3. 8 kg/cm2), as analyzed on the basis of shear stresses and strains (see section on
Experiments), falls nicely in line with the shear data.
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A fairly large amount of scatter exists between the individual points in Figure 4.
Several reasons for this can be suggested:

(1) The various types of ice used have different physiqal properties. For instance,
the results for large-grained commercial ice are consistently below the average curve.
Differences in grain size, preferred orientation, and impurities must affect the results.
It is surprising that, with the large variety of ices tested, the scatter between specimens
of the same type is still comparable to the scatter between different types.

(2) The large scatter for a given type of ice may be due to the inhomogeneity of
the material. No particular attention was paid to spatial orientation of the polycrystalline
samples when mounted in the shear apparatus. For the strongly oriented tunnel ice 4
(20% of the c-axis lie in 1% of the area of the Schmidt net), differences in mounting
orientation could account for the fact that the greatest scatter was observed for this type
of ice. Differences between samples from vertical and horizontal cores are apparently
less than those due to other effects.

The power law flow equation (eq 3) has been used frequently (Gerrard, Perutz and
Roch, 1952; Glen, 1955; Steinemann, 1954; Landauer, 1957). Weertman has suggested
several dislocation mechanisms to explain high-temperature steady state creep of this
type. One mechanism is explained by motion of dislocation lines controlled by a Peierls
stress (Weertman, 1957a). For this, the creep rate depends on the stress to the 2.5
power. This is close to the observed value of 2. 96. Weertman claims this mechanism
would produce a creep rate which is a factor of 109 too low for ice. This estimate is
based on Glen's value for the activation energy, Q = 31, 800 cal/mol (Glen, 1955). The
use of an activation energy of about Q = 16, 000 cal/mol would make the calculated and
observed results of comparable magnitude. An activation energy of about this value
has been found for ice by Jellinek and Brill (1956) and a somewhat lower value by
Raraty and Tabor (1958). Also, for snow, an activation energy of about Q = 14, 000 cal/
mol has been determined (Landauer, 1955, 1957).

A second dislocation mechanism suggested by Weertman is controlled by dislocation
climb (Weertman, 1957a). This predicts a creep rate dependent on the stress to the
4, 5 power for low stresses. It also predicts that there should be no difference in the
exponent for single or polycrystalline materials, as was observed. A definite choice
between these two creep mechanisms cannot be made on the basis of these experiments.
An accurate value for the activation energy for creep and also for self diffusion may
aid in this choice.
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i a strain softening. Single crystals orie'nted for
i /hard glide behaved similarly to polycrystals,
| indicating a rate-controlling process ouch as dis-
j location climb. For all but single easy-glide
] crystals, the min. creep rate was' tangent to the
j deformation curve at. the end of the experiment,
j Creep rates for single easy-glide crystals were
I several hundred times larger than for the other
j crystals, the flow laws being similar.
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