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DEFORMATION AND FRACTURE OF ICE UN DER 
UN IAXIAL STRESS 

By I VOR HA WKES and MALCOLM MELLoR 

(U .S. Army Cold R egions R esearch and Engineering Laboratory, 
H anover, New Hampshire 03 755, U.S.A. ) 

ABSTRACT. Techniques for maki ng precise uniaxial tests for strength and deformability of ice a re described. 
Results are given for tests made in uniaxia l tension and uniax ia l compression at constant displacement rate, 
using bubbly polycrystalline ice. These results include stress/stra in curves, elastic moduli, rupture or yield 
strengths, and failure strains, a ll for a range of stra in-ra tes. A few results for ice doped with hydrogen fluoride 
a re a lso given. The fracture mechanism for ice is discussed, and the test results are compared with data 
reported by previous investigators. 

RESUME Diformatioll et rllpture de la glace 50115 un lension 1Il7iaxial. On decrit les techniques propres a realiser 
a vec precision des essais a l'uniaxial pour la resista nce et la deformabilite de la glace. On donne les resultats 
pour d es essais en traction uniaxia le et en compression uniax ia le a vitesse de deformation constante avec 
de la glace polycristalline bulbeuse. Ces resul tats compren nent les courbes tension- deformation, les modules 
d 'elasticite, les resistances a la rupture ou a la dislocation, et les deformations au moment de la rupture, le 
tout pour une gamme de vitesses de deformation . On donne egalement quelques resultats va lables pour la 
glace dopee a l'acide fluorh ydrique. Le mecanisme d e la rupture de la glace est discute et ]'on compare les 
resultats des essa is aux donnees rapportees par des precedents chercheurs. 

ZUSA MMENFASSUNG. Verformlllzg wzd Bruch von Eis wzler einachsiger Belaslllng. Es werden Methoden zur 
Durchfilhrung von streng einachsigen F estigkeits- und Verformungsversuchen filr Eis beschrieben. Ergeb
nisse fill' Versuche unter einachsigem Zug und einachsigem Druck bei kons tanter Versetzungsgeschwindigkeit 
werden mitgeteilt, wobei blasenhaltiges, polykristallines Eis benutzt wurde. Diese Ergebnisse erstrecken sich 
auf Belastungs-Dehnungs-Diagramme, Elastizitats moduln, Bruch- od er K oharenzfestigkeiten und G renz
dehnungen, durchwegs fill' einen Bereich von Verformungsgeschwindigkeiten. E inige Ergebnisse fill' Eis, 
das mit H ydrogen-Fluorid versetzt wurde, werden ebenfa lls mitgeteilt. Del' Bruchvorgang in Eis wird 
diskutiert. Die Versuchsergebnisse werden mit Werten verglichen, die von frilheren Autoren stammen. 

INTRODUCTION 

In previous studies at Cold R egions R esearch and Engineering Laboratory the creep 
behavior of fine-grained polycrystalline ice under uniaxial loading was investigated (MeIlor 
a nd Smith, Ig67; M ellor and Testa, Ig6g [a] , Ig6g[b] ) . These studies have now been extended 
to cover elastic straining, brittle fracture, and the ductile/brittle transition. 

Although uniaxial tests are straightforward for ductil e materia ls, they become trouble
some when the test material is truly brittle, since any slight stress concentration can determine 
the outcome of the test. For this reason, special attention was paid to development of precise 
testing techniques for use at relatively high rates of loading. Since definition of tensile strength 
for brittle materials is usually based on the uniaxia l tensile test, considerable emphasis was 
given to tensile testing. 

The test results give elastic moduli for compression and tension , uniaxial compressive 
strength for strain-rates from 10- 5 to 10- 2 s- ' , and uniaxial tensile strength for strain-rates 
from 10- 5 to over 1.0 s- ' . Used in conjunction with earlier results from creep studies on ice of 
the same type, they permit an examination of the relation between " strength" (fracture 
trength or yield stress) and strain-rate over nearly 12 orders of magnitude. 

TEST MATERIAL 

Preparation of ice specimens. In an extended program of studies on ice it is important to be 
able to produce test material of c:onsisten t a nd acceptable quality. In making samples of 
polycrystaIline ice for this study the following criteria were adopted: 

I . The ice should be consistently reprod ucible. 
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2. The ice should be homogeneous and iso tropic. This implies that the constituent cry ta ls 
must have random orientation. 

3. T he grain size should be small enough to permit determination of bulk properties from 
small test specimens. In practice, this m eans a grain size not exceeding about I mm . 

T he present studies evolved from earlier work on polar glacier ice, a nd so the type of ice 
used was similar to that formed by sintering a nd visco·plastic compaction of snow grains 
under " dry" (sub-freezing) conditions, i.e. it is porous, or " bubbly", ice. A few specimens 
were doped with hyd rogen fluoride to test the effect of that impurity. 

T he general procedure for preparing isotropic polycrys talline ice was to pack equan t ice 
grains into molds, saturate the resulting compac t with water, a nd freeze. T he ice grains of the 
ini tial compact provided randomly oriented freezing nuclei a nd limited the a mount of water 
which had to be frozen in the mold (thus reducing the problem of freezing strains). 

Ice grains for the compact were produced from clean snow. Snow was removed from 
storage at - 35 0 C in the form of hard sintered blocks, and these were disaggregated by rubbing 
snow on snow. Disaggregated snow was a llowed to fall into a nest of vibrating sieves, and 
after 5 min of vibration the fraction passing a number 2 0 sieve but retained on a number 40 

sieve was collected for ice-making purposes. Disaggrega tion and sieving was carried out at a n 
ambient tempera ture not exceeding - 2 0 ° C so as to avoid adhesion or sintering of the grains. 

Cylindrical specimens were made in " Lucite" (polymethyl-methacryla te) mold blocks, 
which were spli t a long the cen ter-line to a llow easy removal of finished specimens. " Dumb
bell" specimens were made by fitting special " Lucite" inserts into the cylindrical molds. T he 
mold block was prepared by greasing the ma in j oints and gaskets with " Vaseline" (petroleum 
j elly), a nd lightly smearing the mold surfaces wi th silicone grease. A specia l a luminum jig 
was used to position the dumbbell inserts during assembly of the mold block. 

T he molding operation began with formation of the ice-grain compact. F reshly sieved 
gra ins were slowly added to vib rated molds, a nd vibration continued until there was no fur ther 
settlement of the compact. This took place at a tempera ture not exceeding - 20

0 C, but when 
packing was complete the mold block was tra nsferred to a room where temperature was only 
a few degrees below the melting point. After adjustment to the higher tempera ture, distilled 
degassed wa ter * a t 0 ° C was run into the compacts from a water passage in the base of the 
mold block ; a vacant mold in the block was used to mainta in the necessary head of wa ter. 
As water rose through the compact it displaced mos t of the air, but enough was left to form 
bubbles. Saturated compacts were then left to freeze in a n ambient tempera ture a few degrees 
below 0 0 C ; with air circulating beneath the mold block a nd an insulating cover on top of it, 
freezing progressed along the length of the specimens and freez ing strains were minimized . 
Specimens were removed by disassembling the mold block. They were packed in polyethylene 
bags for storage, and copious quantities of loose snow were added to the bags to minim ize 
evaporation. 

Completely clear ice could not be made by this method , but it is believed that clear ice 
migh t possibly be made by satura ting under vacuum a t a temperature fractionally below 
0 0 C. 

T he ice used in this study had a bulk density of 0 .8gg ± 0.00 2 M gJm 3 ; the average grain 
size was a pproxima tely 0.7 mm a nd the average bubble size was approxima tel y 0.2 mm (Fig. 
I ) . I t was not of high chemical purity, having a melt-wa ter conductivity of approxima tely 
5 X 10- 5 £I- I cm - I a t 25° C and 60 H z. 

T est specimens. The conventional test specimen for uniaxia l tests on ice is a simple right 
circular cylinder. In compression tes ting it is usua lly pressed between fl a t pla tens, and in 
tension testing it is frozen to end caps which can be a ttached to a pulling sy tern . For tes ts to 
fa ilu re under brittle condi tions, end effects a re very important, a nd tes t results can vary over a 

* See Append ix fo r influence of d issolved fluorides. 
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25.4 mm 

(a) (b) 

Fig. 1. Thin sections of the test material. (a) Grain structure (transmitted polarized light). (b) B ubble distrzbution (reflec ted 
light, surface rubbed with fin e aluminum powder). 

wide range if specimens are incorrectly prepared (Hawkes and M ellor, 1970). For the presen t 
tes ts, dumbbell shaped specimens were chosen so as to avoid end effect errors as far as possible. 
A number of conventional cylindrical specimens were used [or compara tive purposes. 

The dumbbell specimens (Fig. 2) were designed to minimize stress concentrations in the 
vicinity of the connec tors. Their effectiveness in this respect was investigated by standard 
photoelastic m ethods, using a two-dimensional m odel of photoelastic plastic. The pattern of 
isochromatic interference fringes (Fig. 3), which gives the distribution of shear stress, indicates 
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Fig. 2. D umbbell specimens. D imensions marked in inches ( r inch = 25.4 mm). 
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that there are no significant stress concentrations, i.e. there is a gradual change of stress in the 
transition from the central neck to the flared end sections, with no stress discontinuity. 

Dimensions of the dumbbell specimen relative to the grain size of the material are such 
that surface effec ts are minimized and volume effects are slight. The number of grains in the 
necked test section is of order 5 X 104, and the minimum linear dimension of the specimen 
(the diameter) is about 36 times the grain size of the ice. The relevant theoretical considerations 
are given elsewhere (Hawkes and Mellor, 1970 ) . 

Molded dumbbell specimens were trimmed to length on a band saw, using a special 
holder to ensure that length was uniform and ends were square. They were then tacked to 
a luminum end cups by freez ing a few drops of water between the specimen end and the base 
of the cup, using a special assembly jig (Fig. 4) to ensure that the axes of specimen and cup 
were coincident. After tacking, alignment was checked by spinning each specimen in a 

Fig. 3. Isochromaticftinge order in model qf dumb bell specimen under tension (numbers givefrillge order ). 

comparator (Fig. 5), and any specimen with an eccentricity';' exceeding 0. 1 mm was rejec ted. 
The acceptable specimens were finally bonded firmly to their cups by freez ing water in the 
annular space between cup wall and specimen. This annular space wa kept as narrow a 
possible to avoid problems from freezing strains. Prior to assembly, the cups were treated 
with a mixture of chromic and sulphuric acids to remove all traces of grease and to form an 
oxidized skin to which the ice would bond. Without this treatment there was a possibility of 
bond release and cup slip during the course of a test. 

Cylindrical specimens, were 3.59 cm in diameter and approximately 7 . 7 cm long. Their 
ends were faced-off in a lathe, and they were frozen onto aluminum end caps, using a tubula r 
specimen holder to ensure that ends remained square. A narrow (= I mm) fill et of ice was 
formed around the contact between specimen and end cap by applying water with a h ypo
dermic syringe. 

* Eccentricity is one-ha lf of the maximum dial gage variation on the comparator. 
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END CUP 
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JI G 

CUP HOLDER 

Fig. 4. Section through jig usedJor centralizing specimens during assembly. 

Fig. 5. Comparator Jor checking axial alignment oJ test specimens. 
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TESTING EQUIPME T 

Loading machine. The basic loading device for all tests was a screw-driven Instron universal 
test ing machine, model TT-BM-L, with a capacity of 500 kgf ( ~ 5000 N ) and head speeds 
from 5 X ro- 3 to 5.0 cm/min. The loading unit was housed in a cold room, with the control 
unit and read-out system outside the cold room. Communication between operators inside 
and outside the cold room was by te lephone, and there was a frost-free window in the cold
room wall. 

For tests a t speeds higher than 5 cm/min a special variable-rate loading device was built. 
This was a dashpot-controlled actuator opet'ated by compressed air introduced through a 
solenoid valve. Calibration tests gave actuator speed as a function of input pressure and 
dashpot setting. The variable rate loading device was bolted to the Instron testing machine 
so that the pulling system and load cells used for low speed work could still be used . 

LLOAD CELL 

CABLE 

(a) 

TE ST 
SPEC I MEN 

( b) 

Anchor Deta ils 

Fig. 6. Tensile testillg arrangements: (a) pulling system and LVDT gages; (b) detail of connector. 
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T ensile pulling system. Tensile specimens were a ttached to the testing m achine by two 
lengths of I .59 mm diameter stranded steel cable, which were fitted with suitable connectors 
(Fig. 6) . Originally, each cable was approximately 75 mm long, but since this gave a very 
" oft" loading system, shorter cables, approximately 25 mm long, were fitted for the latter 
stages of the work. 

The connector cables were made up from 1.59 mm (-fir inch) diameter, 7-wire, 7-strand , 
preformed galvanized aircraft cable (allowable tensile strength ~2 200 N ), in which the lay 
of the wires in the strands is opposite to the lay of the strands in the cable so as to minimize 
twisting under load. To determine the effect of cable twist, weights were hung on a connector 
cable and the torque needed to prevent rotation was measured as 0.7 lbfinch (0.079 1 J m) 
for a load of 200 lbf (8go N ). This permits a n estimate of the tensile stress aT induced in the 
specimen by twisting of the cable: * . 

aT = Tmax = 16 T/1TD J = 3.56 lbf/in> = 24 550 N /m2 

where T is the applied torque and D is specimen diameter. Thus the tensile stress induced 
by cable twist is only about I % of the axial tensil e stress, a nd for present purposes it can be 
ignored. 

When Aexible cables are used to pull the specimen, the only bending stresses are those 
induced by eccentt' ic loading. General analysis of this problem is complicated , but the 
magnitude of the effect can be es timated by assuming that the line of action of the load is 
parallel to the specimen axis but offset by a dis tance ~ . With this assumption the distribution 
of axial stress in the bending plane is: 

a = (Pf'rrR2) ( I ±4~rIR2 ) 

where a is the axial stress, P is applied load, r is distance from the neutral axis, R is specimen 
radius, and ~ is eccentricity. Maximum tensile stress at the outer radius, r = R, thus exceeds 
the mean tensile stress by (4P~/1TR3 ) , so that the maximum error introduced by eccentric 
loading is (800~/D) %. With maximum allowable eccentricity of 0.1 mm for a specimen 
25.4 mm in diameter, this amounts to a maximum potential error of 3% . 

To check the uniformity of stress in test specimens, tests were made on a model dumbbell 
specimen made from epoxy resin. The epoxy specimen was bonded into a pair of end cups 
wi th cold-setting epoxy cement, a nd was found to have an eccentricity of 0 .00 I inch (0.025 mm) 
after assembly. Three electrica l resistance strain gages were bonded to the center section of 
the specimen so as to give axial strain at three points of the p erimeter spaced 120 0 apart. 
They were coupled separately to the X-input of a n XY plotter, with an axial load cell coupled 
to the Y-input. The outpu ts of all three strain gages were identical, they were linear with 
load, and there was no hysterisis between loading and unload ing. This indicated that the 
loading system gave reasonably uniform distribution of axia l stress in the specimen with a n 
a lignment tolerance of 0.025 mm. 

During initia l evaluation of the system, tests were made on specimens which had a range 
of eccentricities. Figure 7 shows a correlation between eccentricity a nd measured tensile 
stt'ength , with the cutoff finally chosen as the tolerance for eccentricity. 

Compressive loading system. For load ing dumbbell specimens in compression, a thick 
a luminum cap with a centra l hole was fitted over each of the a luminum cups of the specimen, 
producing Aat surfaces to which load could be applied from the platens of the testing machine. 
The specimen thus capped was centered on the lower platen of the testing machine, a nd load 
was applied from the upper platen through a steel ball. While this system was expedient it is 
less than id eal ; a suitably designed independent spherica l seat would have been preferable 

* For pure torsion the principal stresses are compressive a nd tensile, equal in magnitude to the maximum 
shear stress and acting at 45° to the axis of the specimen . 
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to the steel ball. Compression testing technique for brittle materials is discussed in detail 
elsewhere (Hawkes and M elior, 1970). 

Simple cylindrical specimens were loaded through a steel ball in a similar manner and 
the same criticism applies. 

Strain and load measurements. The basic testing machine was equipped to record cross-head 
displacement automatically, but in general cross-head displacement exceeds displacement in 
the test specimen, especially when thin cables are used for tensile tests. 

Ideally, strain gages should be attached directly to the test specimen so as to measure strain 
in the mid-section and thus avoid confusing "end-effects". However, this proved difficul t 
to arrange for ice, and measurements were made between the end caps of the specimen . 
Axial deformation was measured by a matched pair of linear variable differential transformer 
transducers (LVDT's) , which were supported by frames clamped to the specimen end caps 
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Fig. 7. Correlatioll between measured tellsile strength and eccelltricity of the sp ecimen (eccentricity is one-half the comparator " out
'!!-roulld" measurement ) . 

(Fig. 6). One advantage of L VDT's is that there is no mechanical connection between the 
transformers and the core rods, so that there is no restraint and no damage when the specimen 
fails. 

The L VDT's were calibrated by attaching them to a cylindrical aluminum specimen of 
known modulus and applying load through a calibrated load cell. The aluminum test 
cylinder was also fitted with electrical resistance foil strain gages to provide a check on the 
book value of Young's modulus. An independent calibration was made by linking the 
L VDT's in parallel with a proving ring and dial gage and loading the system through an 
electrical strain-gage load cell. These calibration tests showed that the gage outputs were 
linear with displacement and free from hysteresis effects. The outpu t was independent of 
longitudina l or lateral positioning of the core rod in the transformer. The gage sensitivity 
(which actually can be altered by adjustment of the carrier amplifier) was 1.47 inch/mY 
(37·35 mm/mY). Output from the LVDT's was recorded continuously on an XYplotter. 
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Since axial deformation was measured over the entire length of a dumbbell specimen, it 
was necessary to determine an effective gage length in order to obtain strains from displace
ments. Making certain simplifying assumptions, and representing the dumbbell shape by a 
imple geometry, elas tic calculations gave the axial strain in the neck of the specimen as 

0'3 (6.L ) , where 6.L is the axial deformation measured between the end caps, i.e. the calculated 
effec tive gage length for the specimen shown in Fig. 2 was 84.6 mm (3.33 inch) . To check 
this simple calculation experim entally, tests were made on two specimens of epoxy resin , 
one of them a simple right circular cylinder and the other a model of the ice dumbbell speci
men. R esults of these tes ts gave axial strain in the neck of the dumbbell specimen as 0.29 (6.L ). 
T he calculated value 0.3 (6.L ) was accepted for reduction of test data for ice. 

CARRIER 
AMPLI FIER X I npu t 

Y I nput 

D 
x- y 

RECORDER 

Fig. 8. Equipmentfor recording load and deformation. 

Power 
Sou rce 

Nominal machine speed does not give a reliab le indication of strain-rate in the specimen , 
since specimen connectors are elastic and machine speed tends to vary somewhat under load . 
T he XY-plotter provided time marks on load-deformation curves, and "time-to-fai lure" was 
m easured by a stop watch. The strain -rates tabulated for presentation of resu lts were the 
average strain-ra tes from zero stress to peak stress (failure strain divided by time to failure), 
a nd the strain-rate at peak stress (usually equal to machine speed d ivided by gage length). 
The average stress rate (peak stress divided by time to failure) was a lso tabulated. 

Load was measured by two independent sys tems. The electrical resistance strain -gage 
load cell of the basic testing m achine was used , and a separate load cell was fitted to the 
machine for use in conjunction with the LVDT strain gages, so as to obtain a continuous plot 
of load against displacement on the XY plotter (Fig. 8). The strip chart recorder of the 
Instron testing machine was used throughout to keep a back-up record of load as a fun ction 
of cross-head displacement. 

For high speed tests the output from the independent load cell was fed to an oscilloscope, 
and load- time curves were recorded from the oscilloscope screen by a Polaroid camera. 
The oscilloscope gave stress rate and time to failure, but train -rates had to be estima ted 
indirectly. Strain-rate at peak stress was taken as actuator speed divided by gage length, 
and average stra in-rate was es timated from a graphical correlation of average strain-rate with 
average stress rate, using data from a ll tests. 

https://doi.org/10.3189/S002214300002253X Published online by Cambridge University Press

https://doi.org/10.3189/S002214300002253X


112 J O U R N A L OF GL AC IOLOGY 

T EST PROCED UR E 

Prior to testing, a batch of specimens was brought out of storage, assembled in end caps, 
checked, and allowed to equilibrate with the temperature of the testing chamber. Immediately 
before testing, the selected specimen was measured precisely by vernier calipers. The LVDT's 
were attached , the specimen was fitted to the testing machine, and the m easuring systems were 
checked . 

Three opera tors were used : one opera ted the controls of the testing machine, one 
monitored the X Y plotter (marking the chart a nd timing by stop-watch ), and one kep t the test 
specimen under observation. The latter person controlled the test, relaying instructions and 
observations by telephone to the others, who were outside the cold chamber. 

In addition to recording load and deformation, observations were made on crack forma
tion and mode of failure. T o observe formation of internal cracks during the progress of the 
test, the chamber was darkened and the specimen was illuminated at a suitable angle by a 
small lamp. 

During some tests a t low strain-rates the speed of the machine was increased abruptly by a 
factor of 10 after the peak stress had been passed . 

TEST R ESULTS 

R esults of the uniaxial compressive tes ts a re summarized in T a ble I , and a digest of 
results from the tensile tes ts is given in Table n . A selection of compressive stress- strain 
curves is given in Figs. 9 a nd 10 , while Fig. 1 I shows the effect of suddenly increasing the 
strain-rate after a specimen has suffered ductile failure. The tensile stress- stra in curves were 
a ll broadly similar, and examples are shown in Fig. 12 . 

T ABLE r. R ESULT S OF UNIAXIAL COMPRESSIVE TESTS 

Material: Bubbly ice. M ean grain dia . "" 0.7 mm. M ean bubble dia . "" 0.2 mm . Bulk density 0.899 ± 0.002 
Mg/m3 • 

Specimens : Dumbbells with neck dia. 25-4 mm, neck length 38. 1 mm, effective gage length 84.6 mm. Cylinders 
35.9 mm dia ., 77 mm long. 

T est temperature: - 7 ± 1
0 C . 

Specimen 
type 

Dumbbell 

M achine 
speed 
mmls 

8.33 X 10- ' 

8.33 X 10- ' 

1.67 X 10- 3 

8.33 X 10- 3 

8.33 X 10- 3 

1.67 X 10- 2 

1.67 X 10- 2 

1.67 X 10- 2 

8.33 X 10- 2 

8.33 X 10- 2 

1.67 X 10- 1 

8.33 X 10- 1 

8.33 X 10- 1 

8.33 X 10- 1 

8.33 X 10- ' 

8.33 X 10- ' 

8.33 X 10- 3 

1.67 X 10- 2 

8. 33 X 10- 2 

8.33 X 10- 2 

8.33 X 10- 1 

8.33 X 10- ' 

UniaxiaL 
compressive 

strength 
bar 

28·7 
32.0 
36.2 
44·7 
49.6 
77 .2 
50.9 
53·3 
72.4 
78.7 
85 .2 
92.7 
66.8 
98. 1 
74·') 
90.8 
39.6 
42.7 
47·3 
52.5 
34·5 
25. 1 

InitiaL Strain-rate 
tangent at peak 
modulus stress 

bar X 10' S- 1 

10. 1 9.86 X 10- 6 

7·59 9.86 X 10- 6 

8.96 1.97 X 10- s 
8.96 9.86 X IO- s 
6.16 9.86 X 10- S 

11.5 1.97 X 10- ' 
6·4::1 1.97 X 10- ' 
9.86 1.97 X 10- ' 

9.86 X 10- ' 

9.86 X 10- ' 

9.72 1.97 X 10- 3 

8-44 9.86 X 10- 3 

9.86 x 10- 3 

11.3 9.86 X 10- 3 

9.86 X 10- 3 

6.09 9.86 X 10- 3 

6.84 1.09 X 10- ' 

2.83 2. I 9 X 10- ' 

3.42 1.09 X 10- 3 

6.31 1.09 X 10- 3 

].38 1.09 X 10- 2 

6. 31 1.09 X 10- 2 

Average 
strain-rate Average 

to peak stress FaiLure T ime to 
stress rate strain fa ilure 

S- 1 barls X 10- ' 

6. 1 I X 10- 6 0.0217 80· 7 I 320 
7.56 X 10- 6 0.02 13 11 3 1 500 
1.20 X IO- S 0 .04 16 105 870 
4.27 X IO- S 0.361 52.5 123 
4.76 X IO- S 0 .903 26.2 55 

62. 1 
7.27 X IO- S 1.54 24.0 33 
7.09 X IO- S 1.34 28-4 40 

1.61 45 
54.6 

5.25 X 10- ' 8·53 52.5 10 
1. 20 X 10- 3 46-4 24.0 2 
6.75 X 10- ' 33 -4 13·5 2 
1.03 X 10- 3 49. 1 20 .6 2 
2.63 X 10- ' 37·5 5.25 2 
1.02 X 10- 3 30.4 30.6 3 
3.63 X IO- S 0. 188 8 1.9 210 
7.67 X 10- 5 0.'\i6 93.8 11 4 
2.69 X 10- ' 2·37 57·7 20 
2.79 X 10- ' 2. 10 73 ·4 25 
8.74 X 10- ' 34.6 9.66 
5·7° X IO- ' 25. 2 6.05 
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TABLE IT . SUMMARY OF RESULTS FROM UNIAX IA L TENSILE TESTS 

Material: Bubbly ice. M ean gra in dia . "" 0.7 mm. M ean bubble dia. "" 0.2 mm. Bulk density 0.899 ± 0.002 
Mg/m3 • 

Specimens: Dumbbells. Neck dia. 25-4 mm, neck length 38. I mm, effective gage length 84.6 mm. 
T est temperature: - 7 ± 1

0 C. 

Ulliaxial tensile Initial tallgetlt 
No. strmgth modulus Straill- Average 
of bar bar rale strain-rate Average Failure 

Machine repli- at peak to peak stress strain 
speed catiolls Max . M ean Min. Max. Mean Min . stress stress rate (M ean ) 
mm/s X 104 X 104 X 104 S- I S- I bar/s X 10- 6 

8.:33 X 10- 4 5 19·7 18·5 17·4 6.2 1 9.86 X 10- 6 8.55 X 10- 7 0.0 171 8 14 
3.33 X 10- 3 3 2 I. 7 20.2 19·4 6.24 3.95 X 10- 5 3.33 X 10- 6 0.0695 980 
1.67 X 10- 2 9 24.0 21.3 18.8 7.04 5.85 4.66 1.97 X 10- ' 5·98 x IO- 6 0.209 626 
3':33 X 10- 2 10 26.0 21.4 18.8 6.32 5·37 4.80 3.95 X 10- ' 1.33 X 10- 5 0.43 1 664 
8':33 X 10- 2 9 22·5 20.6 18·9 6.60 6.1 3 5.87 9.86 X 10- ' 2.28 X 10- 5 1.05 449 
1.67 X 10- 1 11 23 ·7 21.9 19.8 6,50 6.26 5.87 1.97 X 10- 3 4.23 X 10- 5 2.09 4 18 
3.33 X 10- 1 3 22.2 22.2 22.1 6.62 6-43 6.07 3.95 X 10- 3 1.28 X 10- 4 7.83 362 
8.33 X 10- 1 2 21.8 21.2 20.6 6.66 6 .64 6.62 9.86 X 10- 3 6.44 X 10- 4 42.4 324 
2.54 X 101 5 18. 1 17.8 '7 .6 3·00 X I0- I 4.6 x 10- 3 476 
7.78 x 101 3 17.6 17·3 16·7 9.0 1 X 10- 1 6.7 X 10- 3 75 1 
1.52 X 102 3 17·2 16·9 16·7 1.80 9.8 X 10- 3 I 170 
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Fig. 9. R epresetltative stress-strain curves for low-speed compression tests on dumbbell specimens. T emperature - 7± [ 0 C. 
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Fig. [ 0. R epresentative stress- strain curves Jar low-speed compression tests on cy lindrical specimens. T emperature - 7± [ 0 C. 

Deformation andfracture. The dumbbell specimens tested in tension gave no visible evidence 
of internal cracking prior to final fracture and separation. However, it should be noted that 
the pulling system was relatively "soft" , so that there may have been significant displacement 
resulting from release of elastic strain energy as the specimen failed. Almost a ll of the speci
m ens failed in the necked gage length, usually near the mid-section. R esults from the few 
specimens that broke near the end caps were rej ected . During pilot tests there were occasiona l 
instances of "cup-slip" caused by partial release of the bond between ice and end cup, but this 
problem was solved by introduction of the acid treatment described previously. 
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Fig. I I . Effect oJ increasing machine speed by aJactor if ten after a specimen hasy ielded in compression. T emperature - 7± [ 0 C. 
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Fig. 1 2. Typical tensile stress-strain curves. T emperature -7± 1 ° C. 

(a) (h) 

11 5 

Fig. 13. Thin sections of dumbbell specimen after failure in compression at low loading rate. Internal cracks are concentrated in 
chevron zones, alld there are end zones almost free from internal cracks. (a) Section viewed by reflected light. (b) Sectioll 
viewed by transmitted light (carbon black has been rubbed into the surface to improve definition ). 
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The dumbbell specimens tes ted in compression a t low loading rates experienced interna l 
c racking a t stresses well below the peak stress (Figs. 9, I I ) . The first cracks were seen at 
strain<; from I X 10 - 3 to 3 X 10 - 3, with no obvious dependence on strain-rate. The cracks were 
p lana r, with diameter approxima tely equal to the gra in diam eter of the ice. They were 
oriented with their pla nes approximately parallel to the loading direction . Each individual 
crack formed abruptly, a nd showed no tendency to propagate once it was form ed. The fre
quency of crack forma tion increased as the stress increased , and final structura l fa ilure of the 
specimen occurred when crack density in certain zones becam e sufficient to a llow effective 
coalescence of the cl'acks. T here were definite pl'eferred zones for internal cracking (Fig. J 3), 
a nd the final effect was to cause disintegration a nd bursting of the mid-section while relatively 
intact conical pieces were left a t the specimen end (Figs. 14 and 15). This type of failure, 

Fig. 14. D umbbell specimens after failure ill compression. 

termed cataclasis, is typical for granular rocks, and the characteristic conical ends are pro
duced by radial restraint a t the loading platens. In Fig. 16 the sequence of internal cracking 
a nd final collapse for a compression specimen with latera lly res trained ends is illustrated by 
m eans of a slab m odel made from coarse-grained "commercial" ice. 

From Figs. 9, 1 0, I J it appears tha t the charac teristic " knee" of compressive tres - strai n 
curves may be associa ted with the onset of internal cracking. 

Like the dumbbell specimens, cylindrical specimens suffered internal cracking prior to 
final failure when they were loaded at low rates; fi rs t cracks again were seen at strains from 
I X 10- 3 to 3 X 10- 3. H owever, there was a striking difference in the final mode of fa ilure: 
whereas the dumbbell specimens fa iled by cataclasis a nd "coning", the cylindrical specimens 
failed by axial cleavage (Fig. 17). Since rela tively large cracks were observed to form a t the 
platen contacts, there can be little doubt that these cleavage failures resulted from imper
fec tions at the platen contact. For a given strain-rate, cylindrical specimens fa iled at lower 
stresses than dumbbell specimens (Table I ) . 
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Initial tangent modulus. VVhen a uniaxial test yields a non-linear stress- strain characteristic, 
the slope of the cu rve at the origin is termed the " initia l tangent modulus" . In terms of the 
Burgers rheologic model (series combination of Maxwell and K elvin-Voigt models) it could 
be regarded as the modulus of the l\1axwell spring. 

Fig. 15. Dumbbell compression specimen aJter Jailure. The cellter section is filled with illternal cracks. At an earlier stage in 
the diformatioll , such specimens develop a lumpy slliface as slliface grains bulge out. 

Values of initial tangent modulus given by the tensile tests were reasonably consistent for a 
group of replications. The mean value tended to increase with increasing strain-rate (Fig. 18), 
and the variance in the results tended to decrease with increasing strain-rate. lVIean values 
of the tens ile modulus lay in the l-ange 5A X 10+ to 6.6 x 10 4 bar (7.8 X 105 to g.6 x 10 5 

Ibf/inch 2 ) • 
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( a) ( b) 

(c ) (d) 

( e) 

Fig. /6. Crack development and mode of collapse in an ice slab under uniaxial compression. (a)-(c) show development qf axial 
cracks, (d) shows final collapse by "coning" and cataclasis, (e) shows final collapse by formation of a shear plane. 
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Values of initial tangent modulus given by compressive tests on simple cylinders were 
significantly lower than those given by tests on dumbbell specimens, and they were rejected 
in the belief that errors had been caused by imperfections in the platen contact (ice fill ets 
were observed to crack) . Values ob tained in compression for the dumbbell specimens showed 
appreciable scatter, and there was no significant correlation with strain-rate (Fig. 18) . The 

Fig. I7. Axial cleavage failure in cylindrical compression sj)ecimel1. With the technique employed, this was the usual mode of 
failure for simple cylindrical specimens. 

overall mean value of compressive modulus for dumbbell speCimens was 8.76 X I O{ bar 
(12.7 X los lbf/inch 2 ) . 

Uniaxial compressive strength. Uniaxial compressive strength showed strong dependence on 
loading rate, increasing by almost a factor of 3 as axial strain-ra te increased from 10- 5 to 1 0 - 2 

S- I (Fig. Ig). Although the data are limited, compressive strength appeared to be nearing a 
limiting value at the highest strain-rates employed in these tests. 

https://doi.org/10.3189/S002214300002253X Published online by Cambridge University Press

https://doi.org/10.3189/S002214300002253X


120 

20.10 !I 

N 
C 

"--D 16 

V> 

~ 
:J 

"0 12 
0 

:::;: 

c ., 
8 '" c 

0 
l-

Q 
4 

c 

0 
10- 7 

JOURNAL OF GLACIOLOGY 

o Compression 
o 

o 

o 

o 
o 

o 

o 

o 

----1-f-I~!-n s-i!~ .-2-- f - + -0-

Aver ag e St ra in - Ra l e , 5- 1 

Fig. [8. Initial tangent modulus as afimction of average strain-rate. 

8 

bar 

4 

In Figure 19 the results for simple cylinders are omitted, as it is believed tha t they are 
invalid. In spite of the precautions taken, simple cylinders failed by axial cleavage rather 
than by complete cataclasis. 

Compressive strength is given as a function of time to failure in Fig. 20, which brings 
out the high sensitivity of m easured strength to loading rate for test durations less than 
approximately 100 s at - 7° C. It also shows that measured strength is relatively insensitive 
to changes in loading rate for test durations exceeding about 10 min. Apparent strength for 
tests lasting half-an-hour or so is only about 35 % of the apparent strength for rapid tests that 
take only a few seconds. 

In tests where strain-rate was increased by a factor of 10 after "failure", a new peak stress 
higher than that reached in yielding at the initial strain-rate was attained (Fig. I I ) . The peak 
stress for a " failed" specimen was 80 to 90 % of the peak stress for an intact specimen tested 
at the same strain-rate. 
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Fig. I9. Strength, or yield stress, as afunction of strain-rate. 
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Uniaxial tensile strength. Uniaxial tensile strength showed remarkably li ttle dependence 
on loading rate (Fig. 19) . The variation in strength was only a bout 25 % as strain-rate varied 
through more than 5 orders of magnitude. For the ra nge of strain-rates from 10- 4 to 10- 2 s-', 
tensile strength at - 7° C remained approximately constant at a mean value of 21.4 bar 
(310 Ibf/inch 2). There was a slow decrease in strength as strain-rate increased or decreased 
from this range. 
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Fig. 2 1. Failure strain as afunction of average strain-rate. 
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Failure strain. Failure strain is shown as a function of average strain-rate in Fig. 21. The 
stra in to failure decreases with increasing strain-rate for both tension and compression, but the 
rates of change differ for tension and compression. The failure strain in compression is 
ro ughl y an order of magnitude greater than the failure strain in tension. 

DISCUSSION 

Testing technique. The technique used for uniaxial tensile testing is believed to be basically 
satisfactory for tests in the elastic/brittle realm of behaviour, where precise methods and fine 
tolerances are essential. For tes ts on anisotropic ice it would, of course, be necessary to modify 
the specimen-molding technique, and for work on coarse-grained ice much larger specimens 
would be required. A "stiffer" loading system might be desirable, and it would certainly be 
desirable to impose better temperature control by having the test specimen inside a small 
chamber. 

Most of the uniaxial test m ethods described in the ice literature seem to be deficient in 
some respect. The direct butt-joint used by J ellinek (Fig. 22a) is, in principle, the best arrange
ment but it is difficult to ensure that a simple ice- metal bond will not break before the body 
of the specimen does when temperatures are above about - 10° C. The alternative of bonding 
a simple cylinder into a cup or collar (Fig. 22C) is unsatisfactory for tests to failure, as stress 
concentrations are introduced at the junction of specimen and collar, and the specimen tends 
to break at the collar. Specimens which have enlarged end sections and short-radius fillets 
(Fig. 22b, d , e) have significant stress concentrations near the fillet , and if they are prepared 
and pulled with precision (no bending stresses) they will usually break at the fillet. 

The difficulty of making direct uniaxial tensile tests on ice is evidenced by the popularity 
of indirect tes ts, chiefly diametral compression and beam bending tests. However , these 
indirect tests are no substitute for the uniaxial test for the following reasons: 

(a ) It is usually necessary to compute the peak stresses that are assumed to cause failure 
from linear elastic theory, with equal moduli for tension and compression. 

(b) I t is usua lly neCeSSal"y to assume that failure is determined by the greatest principa l 
stress, and is unaffected by the values of the other two principal stresses. 

(c) The percentage volume of the total specimen which is subjected to the peak tensile 
stresses is often very small , and in many cases is only of the order of the grain or flaw 
sIze. 

(d ) There are often steep stress gradients in the failure zone. 

Of the indirect tensile tests in present use, the beam bending test is perhaps the one most 
widely used . H owever , it has been recognized for many years that the beam bending test 
does not measure uniaxial tensile strength ; the value calcula ted as the stress in the lower 
fibres of the beam is termed the " modulus of rupture", which for most materials substantia lly 
exceeds the uniaxia l tensile strength . A detail ed study of diametral compression testing (M ellor 
and H awkes, 197 1) has shown that, provided certain experimental conditions are met, the Brazil 
test (diametral compression of a solid disc) gives an acceptable measure of the uniaxial tensile 
strength for typical rocks. For ice, however, it gives a strength value far lower than the 
uniaxial tensile strength . The reasons for this a nomaly are not yet clear, although the low 
ratio of compressive strength to tensile strength for ice may well be involved. The same 
diametral compress ion study brought out serious defi ciencies in the ring tensil e test, and led to 
a conclusion that any correspondence between ring tensile strength and uniaxial tensile 
strength is largely co incidental. H owever, the ring test may give an approximation to the 
modulus of rupture when the ratio of interna l to external diameter for the specimen is suffi
ciently large. 
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The uniaxial compressive tests suggest that, for ice, valid te ts on simple cylindrical 

specimens are very difficult to achieve. In the present work considerable care was exercised 
in specimen preparation and testing, but axial cleavage occurred a nd measured strength wa 
lower than the strength measured on dumbbell specimens. In previous work, and in work 
done by others, axial cleavage has been a common mode of failure, and reported values for 
uniaxial compressive strength of various types of ice (Butkovich , 1954, 1959 ; Kapla r, 1954 ; 
M elior and Sm ith , 1966 ; Peschanski y, 1967; Sayles and Epanchin , unpublished ;) seem rather 

• 

o . Jellinek b . Peyton 

c. ACFE L d. Dyk i n 

• 

e. Butkov i ch 

Fig. 22. NJetlwds llsedfor 1lI1iaxial tellsile tests 0 11 ice. 

low. In testing brittle solids generally, platen surfaces and specimen ends have to meet fin e 
tolerances (platen faces flat to better than 10 - 2 mm , specimen ends Rat to wi thin abou t 10 - 2 mm) 
if there is to be any guarantee of valid test results. \ Vith ice specimens it is difficult to mee t such 
standards, either by mechanical grinding or by m elting, because of the very high homologous 
temperature of the material. Freezing a water film between the specimen end and the platen 
m ay also be troublesome, since there are complica tions from freezing strains if the initia l 
water film vari es in thickness . T hin platen cushions of non-extrudable material (e.g. paper) 
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may be helpful, but thick extrudable cushions, such as the 3 mm thick rubber sheet used by 
Butkovich (1954), cannot be recommended. 

Dumbbell specimens apparently overcome the end effect problem s that can so easily 
vitiate compression tests, but they a re more difficult to prepare than cylinders. 

Since uniaxial compressive strength is a strong function of strain-rate for the range repre
sented by typical speeds of commercial testing machines, at least at high temperatures, 
selection of suitable strain-rates or loading rates can be a problem. In engineering studies the 
test loading rate may be decided by the nature of the practical problem involved, but in more 
general studies it is not easy to decide upon any single strain-rate, since there is inter-relation
ship between the effects of strain-rate and temperature which might confuse resu lts. The 
present limited data suggest that uniaxial compression tests intended to induce elastic strain 
and brittle fractu re ought to be run at strain -rates no le s than 10- 2 S - l at peak stress, or 10- 3 S- I 

average rate, when temperatures approach the melting point . In terms of stress rate, this is 
equivalent to about 30 to 50 bar/s, which is a great deal higher than the minimum rate of 
0·5 barjs recommended by Butkovich (1958) a nd followed by others, a nd the minimum rate 
of 1.1 bar/s suggested by Gold (1968). The present results (Table I , Figs. 9- 11 ) show that at 
- 7° C there is inelastic straining and ductile failure at stress rates of order I bar/s, and 
measured compressive strength is strongly sensitive to loading rate. 

Initial tangent modulus. The mean value of initial tangent modulus measured in compression 
was 8.76 X 104 ba r, which is similar to values obtained by dynamic m ethods using Aexural 
vibration or elastic wave propagation at sonic frequencies. For bubbly ice at temperatures 
between - 5° and - 10° C, dynamic methods give values of Young's modulus from about 
8 x I G4 to 9 X 104 bar (Nakaya, 1959; Ben tley and others, 195 7; Crary and others, 1962 ; 
R obin , 1958 ; Gold, 1958; Gold, 1968). Most reported values for "s tatic" Young's modulus 
in compression are lower than the dynamic modulus, particularly those resulting from early 
work, when creep effects were not fully appreciated (see, for example, Mantis, 195 I). How
ever, it has been found that the static modulus becomes approximately equa l to the dynamic 
modulus (and to the modulus for a single crystal) if temperature is low enough or strain-rate 
high enough (Gold, '958, 1968). 

Initial tangent modulus measured in tension increased with increasing strain-rate, but all 
values were close to 6 X 10' bar. These values are similar to some of the more acceptable 
reported values for compression (e.g. Gold, 1958) and fl exural tension (Yakunin, ' 968), but 
well below the dynamic modulus, presumably because strain-rates were not sufficiently high. 

Many of the low values of static moduli reported in the literature ( ~ 104 bar) undoubtedly 
represent secant moduli for slow tests, i. e. average slopes for non-linear stress- strain curves. 
Data from the present tests give abundant evidence of decrease of secant m odulus with 
decreasing strain-ra te or increasing test duration (see ratio of peak stress to failure strain, 
Tables I and II), and the effect has been shown in fl exural tests by Yakunin (1968) . 

Compressive strength. Over the range of strain-rates commonly employed in uniaxial testing, 
compressive strength is strongly dependent on strain-.-ate and temperature, so that there is no 
unique value for strength. Neither is there a unique ratio of com pressive strength to tensile 
strength, since tensile strength is relatively insensitive to cha nges of strain-ra te a nd temperature. 

At the highest strain-rates used in these tests (10- 2 s- ,), compressive strength a ppeared 
to be tending to a limiting value of approximately 85 to 90 bar at - 7° C . It has been sug
gested , from sketchy experimental evidence (Khomichevskaya, 1940; Butkovich , 1954, 1958; 
Korzhavin, 1955; J ellinek, 1957; Mellor and Smith, 1966; V oytkovski y, 1960; Gold, 1968), 
that strength actually decreases before settling to a steady value when a critical strain-rate is 
exceeded, and in the early stages of this work the preliminary results appeared to support this 
contention . However, it was later found that the apparent drop in compressive strength at 
high loading rate was actually a consequence of imperfect testing technique- the apparent 
drop in strength disappeared when specimens were prepared and tested with greater care. 
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The highest observed value for the ratio of compressive strength to tensile strength was 
approximately 4 (at 10- 2 S- I and -7° C). This is smaller than the value of 8 predicted by 
simple Griffith theory for fracture of brittle materials, and considerably smaller than values 
found for typical rocks (8 to 20) . Lavrov (1965) gave a compression/tension ra tio for columnar 
ice of 9, but the strength values which give the ratio are not too convincing. A low compres
sion/ tension ratio for ice has significant bearing on problems involving failure criteria. 

Taking into account the fact that bubbly ice tends to be weaker tha n clearer types of pure 
ice, most reported values (Mantis, 1957, Butkovich , 1954, 1955, 1959; Kaplar, 1954, 
Voytkovskiy, 1960; Lavrov, 1965; M elior and Smith, 1966; Peschanski y, 1967 ; Sayles and 
Epanchin, unpublished) seem low in comparison with the results obtained here from dumbbell 
specimens. Some of these reported low values (e.g. MelIor and Smith, 1966) are undoubtedl y 
erroneous results produced by poor testing technique. 

T CIlsile strength. A significant result of the tensile tests is the demonstrated insensitivity to 
strain-rate over more than 5 orders of magnitude. This sugge ts that tensil e strength might a lso 
be insens itive to temperature, as indeed it appears to be from the limited available data 
(Wilson and H oreth, 1948; Butkovich, ' 954; Frankenstein, 1959; Hitch, 1959; also unpub
lished records of tests on ice by L. Hanson of U .S.A. C.R.R.E.L. ). 

V ery few direct m easurements of uniaxial tensile strength have been made for ice, a nd 
what values are available seem low in comparison with the present results. Butkovich ( 1954) 
obtained a strength of about 14 bar for clear'" ice at - 5° to - 10° C , using the method illus
trated in Fig. 22e. Kaplar's ( 1954) results, obtained by the method illustr-ated in Fig. 22C, 
give a mean value of about 13 bar for clear ice at - 6.5° C a fter rejection of data for specimens 
that broke in the end cups. A value of 2. 75 bar for columnar ice at some unspecified tempera
ture was obtained by Lavrov ( 1965), who pulled prismatic specimens. 

Because direct uniaxial tensile tests are difficult to make, most of the tensile strength data 
for ice have been obtained from indirect tests, and as already tated, the;e can be misleading. 
Following a detailed study of diametral compression testing, the writers used the Brazil test to 
m easure tensile strength indirectly at - 7° C (M elior and H awkes, 197 1), obtaining mean 
apparent tensile strengths in the range 3.3 to 5.9 bar for machine speeds from 8,33 X I 0- 4 to 
8.33 X 10- 1 mm /so Unpublished data by Hanson give m ean Braz il tensile strengths from 2.9 to 
4.2 bar for bubbly ice at - 10° C, and from 2.2 to 4.0 bar for clear ice at temperatures from 
- 10·5 ° to - 14° C. Data by Butkovich ( 1959) give mean Brazi l tensile strength as 4. [ bar for 
bubbly ice at - 5° C, although Butkovich himself multiplied his result by a factor of6 . Thus 
it seems certa in that the Brazil test, when applied and in terpreted in the accepted manner, 
gives strength values for ice that a re far lower than the uniaxial tensile strength. 

The writers also made ring test on bubbly ice a t - 7° C, varying the ratio of in ternal to 
external diameter from 0 to 0.25 and varying machine speed from 8.33 X 10- 4 to 8.33 X 10- 1 

mm/s (Melior and Hawkes, 1971 ) . Calculated ring-tensil e strength was strongl y dependen ton 
both diameter ratio and machine speed , and m ean values ranged from I 1 to 44 bar. From 
these result, and from a detailed theoretical and experimental study of the ring test for rocks in 
genera l, it was concluded that the ring test does not give a valid measur'e of the tensile streng th 
of ice. F urthermore, it is doubtful whether it even gives a self-consistent index of tensile 
strength. Some reported mean values of ring-tensile strength for ice are: 2 [ to 36 bar (clear 
ice, - 5° to - 35° C, vVeeks , 196 1), 10 to 32 bar (clear ice, 0° to -20° C , Hanson ), 15 to 
26 bar (bubbly ice, - 0'5° to _ 20° C , Hanson) , 17.5 to 29 bar (bubbly ice, - 5° C, Butkovich, 
1959), 14 to 19 bar (clear ice, 0° to - 0'5° C , persona l communication from G. E. Franken
stein ) . Most of the data show broad scatter. 

Beam bending tes ts are widely used to provide a m easure of tensile strength for brittle 
materials, even though they suffer from signifi cant and well-known deficiencies. In recognition 

* " Clear" is used in a rel ative sense here to make a rough distinction between ice formed by direct freezing 
and bubbly ice of the type used in these tests (sometimes ca ll ed "snow ice") . 
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of the fact that they do not measure bulk uniaxial tensile strength, strength measured by beam 
tests is termed the "modulus of rupture" . For most brittle materials modulus of rupture is 
greater than uniaxial tensile strength. Some reported mean values for the modulus of rupture 
of ice are: I2.5 to 14.5 bar (clear ice, - I .7° to - 9.5 ° C, Brown, 1926), 12.5 to 17.5 bar (clear 
ice, 0° to - 22 ° C, Wilson and Horeth, 1948), 12 to 16 bar (clear ice, - 5 ° to 20° C, Hitch, 1959), 
22.5 bar (bubbly ice, - 5° C, Butkovich, 1959), 13.5 to 14.5 bar (bubbly ice, -3° to _ 12° C, 
Peschanskii , 1967), 21 to 35 bar (clear ice, _ 12° to - 15° C, Peschanskii, 1967), 13 to 27 bar 
(clear ice, small beams, -0.2° to - 15° C, Frankenstein, 1959),2 to 7 bar (clear ice, large 
beams and cantilevers, 0° to - 19° C, Frankenstein, 1959). 

Transitionfrom ductile yield to brittlefracture. Since there are practical lower limits of strain
rate for constant rate tests, it would be helpful if creep tests could be interpreted so a to give 
" strength" data for the ductile regime. There appears to be at least implicit recognition of a 
relation between the results of constant stress creep tests and cons tant strain-rate strength 
tests for ductile materials, with the relaxation of stress after yielding in a constant strain-rate 
test being identified with tertiary creep in the classical creep test (e.g. Higashi, 1967; Dillon 
and Andersland, 1967). Halbrook (reported by Gold, 1968) observed that the yield strain 
in constant strain-rate tests on ice was approximately the same as the strain for onset of tertiary 
creep in constant stress tests . For complete consistency, however, it might be better to 
associate the peak yield stress of the constant rate test with the mid-point of secondary creep in 
the constant stress test, regarding the latter as a point of inflection . 

. ~ 10 · .. 

A 1 10 1 S lr o in Ro le . 5- 1 

Fig. 23. Stress- strain-rate envelope, giving maximum value of stress- strain-rate ratio. 

In view of the probable relationship between the two tests, it seems legitimate to use data 
from both types of test to examine the limiting stress- strain-rate relationship for a wide range 
of strain-rates, and to provide some information on the ductile/brittle transition. In Fig. 19 
and 23 tensile and compressive strengths from the present tests have been plotted as function 
of strain-rate, and the plot has been extended to lower ranges of strain-rate by plotting stres 
against minimum (secondary creep) strain-rate for previous creep tests on ice of the same type. 
Thus the graphs show the maximum value of the stress/strain-rate ratio for each type of test. 
It is assumed that the compressive creep data represent both compressive a nd tensile behaviour ; 
Steinemann (1958) found no significant difference between creep rates in compression and 
tension, and there is no theoretical expectation of a significant difference if straining is con
trolled by the octahedral shear stress. * Data points for compressive creep were taken from 
Mellor and Smith ( 1967) and M elior and Testa (1969[a] , Cb] ), making small temperature 
adjustments where necessary. 

From the log- log plot of Fig. 23 it is seen that there is a smooth transition from the creep 
data to the strength data, which tends to support the case for the proposed relationship 
between constant stress and constant rate tests. The combined compression data define a 

* Further experimental support for this view is provided by unpublished data for tensile creep of pola r glacie r 
ice ob ta ined by R. L. Bottorff at U.S. Cold Regions Research and Engineering L aboratory. 
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mooth curve over more than 9 orders of magnitude ; there are no distinct linear sections and 
a brupt transitions, such as are sometimes seen in discussion of " power-law" creep, nor is there 
much indication of a drop in strength attributable to onset of brittle fracture. In tension, an 
upper limit of stress was reached at a strain-rate of order 10- 4 S- I, although the stress! train 
diagrams continued to show noti ceable curvature up to about 10- 3 S- I. In compre sion, it 
a ppears that an upper limit of stress is being rea ched at a strain-rate of 10- 2 S- I, and at this 
stra in-rate the stress/strain diagrams cease to show noticeable curvature. The curves for 
tension and compression bifurcate at 10- 6 s- ' . 

o'o~ 
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10- 11 
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Fig. 24. Relationships between stress, strain-rate alld temperature given ~Y lIIziaxial compressive creep tests at cOllstant slress. 

Since there is probably a direct rela ti on between creep and yielding, I-elationship pre
viously es tablished for secondary creep (M ellor a nd Smith, 1967 ; M ellor and T esta, 1969[b] ) 
a t-e expec ted to g ive d ependence of yield stress (or strength ) on strain-ra te a nd tempera ture 
(Fig. 24) . 

As a lready m entioned, there is a widespread belief that strength initia ll y increase with 
stra in-ra te, eventually reaching a maximum and thereafter decreasing to a n asymptoti c limit 
fo r high stra in-rates . The strength maximum and the stra in-rate associated with it tend to be 
regard ed as criti cal values for a transition from ductile to brittle failure. Korzhav in a nd 
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Fig. 25. D irect elastic strain as a jllnction 0.1 average strain-rate. 

P tukhin ( 1966) have a ttempted to explain this behavior by a na lysis of rheological models. 
In the present work, the appa ren t strength d rop for high strain-rates disappeared when the 
tes ting technique was improved , and the writers a re therefore dubious a bout the reality of this 
effect. Simila r questions might be raised a bout some of the effects attributed to ducti le/britt le 
transi tion in other bra nches of m a teri a ls testing. 

o 

• • 
• 

o 

o 
Tension 

o 

o 

• 
• Compression 

• • • 

• 

o o 

Average Stra in-Rote , S- I 

• 

• 

o 

Fig. 26. R ela tion between the product (Jr" and average strain-rate. 

• 
• • 

https://doi.org/10.3189/S002214300002253X Published online by Cambridge University Press

https://doi.org/10.3189/S002214300002253X


DEF OR MAT IO N AN D F R ACTU R E O F I CE 12 9 

Failure strain. T he increase in failure stra in with decreasing stra in-rate can probably be 
a ttributed to creep effects. In Fig. 25 the pure elastic strain to failure , obtained by dividing 
the peak stress by the initial tangent modulus, is plotted against average strain -ra te. For 
tension the elas tic strain to fa ilure shows littl e variation with stra in-ra te. For compression, 
elas tic strain to fa ilure increases with increasing stra in-rate, roughly in proportion to the 
increase in peak stress with strain-rate. 
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...... 
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Fig. 27. R elatiol! between (arEr!tr ) alld average strain-rate. 

Energy input. For som e engineering purposes it is of interes t to consider the work done on 
the specimen to cause fa ilure. The energy input per unit volume required to fa il a specim en 
is Ka[Ef , where a y is peak stress, Ef is fa ilure stra in , a nd K is a sha pe factor for the stress/strain 
curve lying between 0.5 a nd 1. 0 . In Fig. 26 the pl'Oduct a fEf is plotted against average strain
rate; since K ~ 0. 5 at the highes t strain-rates but nea rer 0.75 for the low strain-ra tes, it can 
be seen that the work done in fai li ng the specim en increases with decreasing strain-ra te. The 
work done in straining ice elastica lly (proportional to the square of the peak stress di vided by 
the initial tangen t modulus) is recoverable, but no t usefully so. 

T he power expended in fai ling specim ens (energy inpu t divided by time to fa ilure) 
increases very strongly with increasing stra in-rate (Fig. 27), b ut there are no abrupt dis
continu ities that could be associa ted wi th a sharp transition from ductile to brittle behavior. 

SA 
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APPENDIX 

EFFECT OF HF DOPING ON TENSILE STRENGTH OF POLYCRYSTALLlNE ICE 

A few tests were made on ice doped with hydrogen fluoride . Standard dumbbell specimens were treated with 
d ilute hydrofluoric acid immediately after molding, and the hydrogen fluoride was a llowed to diffuse through the 
ice for a bout 3 months before tes ting. E stima ted average concentration of HF in the ice was ID p.p.m. T ensil e 
tes ts were made in the usual way, but since the L VDT stra in gage sys tem was not avai lable for these tests the 
output of the externa l load ce ll was recorded as a function of time on a n oscilloscope. Both the oscilloscope record 
a nd the T nstron chart record gave stress as a fun ction of cross-head displacement, but strains calculated from 
cross-head displacement for control specimens proved to be greatly in excess of the strains measured by the LVDT 
sys tem. Thus no relia ble stress- strain curves were obtained. 

The tes ts were made at - 70 C ( ± 10 C) with a machine speed of 0.5 cm /min (8.33 x 10- 2 mm/s) . For ordinary 
ice specimens th is machine speed gave an average stra in-rate of2.28 x 10- 5 s- ' , but for HF specimens the a\·erage 
stra in-ra te would be lower than this. The results of four good tests on doped specimens gave tensile strength 
ranging from 9. 10 to 9.93 bar, with a mean value of 9.62 bar. The tensile strength of a control sample of untrea ted 
ice tested at the same time was 22.4 ba r, a nd the mean tensil e strength of ordinary ice tested earlier under the 
same conditions was 20.6 ba r. 

It has previously been shown (jones, 1967 ; J ones a nd Glen, 1969) that sma ll amounts of HF in single crystals 
o f ice at - 700 C a nd - 200 C produce a drama ti c lowering of deformation resista nce and yield strength . The 
softening effec t of HF apparently becomes less pronounced as tempera ture increases. An explanation of the 
effect has been given by Glen ( 1968) . 
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