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described in this thesis was to determine the bulk
modulus, shear modulus, and poissonrs ratio of a

freshwater, granular ice with an average porosity of
1.2ts. The study was initiated as a resul I of hnrrnrt¿¡y

varue problems encountered in the analysis of the work

of K jartanson (1986 ) on DressuremeCer creep l-.estins in
Iaboratory ice.

À11 testing was carried out in triaxiar cerrs
at a temperatur:e crf -2.0oc on ice made using the same

The objective of

ÀBSTRÀCT

the experimental program

techniques as Kjartanson used.

compression tests and five quick-step isotropic
compression tests were run

mooulus.

stress triaxial shear tests and one multi-step test were

run to determine the shear modulus and poissonrs ratio
of Kjartansonts ice.

Six single stage, constant-mean-normal-

2-5 Mpa during the test program. The deviator stress in
the single sÈage shear tests was 0.9 Mpa.

the elastic bulk modulus of the ice was

determined to be I.02 Goa.

ef f ective ( time-dependent ) value during creep that r¡ras

dependent upon bulk (hydrostatic) stress. The elastlc
shear modulus for lce of average denslty was 0.1g Gpa.

During creep the effective shear modulus was dependenr

(1)

to determine the bulk

Six isotrooic

Mean stresses ranged from 1.0 to

This decreased to an



on axial strain and independent of mean stress, deviator
stress, and density. Dilation caused by micro-cracking
at the instant of deviator stress application resuÌted
in values of Poissonrs ratio greater than 0.5 for 1ow

mean stresses. At hiqh mean stresses, the confininq
pressure reduced the dilatory effect. During creep,
when subject to deviator stress, the specimens exhibited
very little vol_ume change, and the time-dependent

Poissonrs ratio was 0.5.

(11)
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Engineering in Àrctic and sub-Àrctic conditions
is an area of growing importance in Canada.

construction in these regions is often associated with
the search for energy resources, and reguires a

knowledge of the engineering properties of ice and

frozen soi1. Many structures are founded on ice, and

others, such as spray-ice islanos, are actually buirt of
ice.

This thesis is part of a larger project the
purpose of which is to formulat-e creep models fur rce

CHÀPTER ONE

INTRODUCTI ON

tested with the pressuremeter.

pressuremeter for in situ testing avoids the problems
associated with obtaining and transporting samples, and

tests the frozen soil or ice in its natural environmenE,
under the prevailing stresses.
pressuremeter a110ws the engineer to analyze the tesr
data on site and to decide immediatery if he or she nas

sufficient data for design. Sinha (19gT) has stated the
need for more volumetric strain data for ice.
author berieves that this study addressed that need and

furthers our knowledge of the engineering properties of
ice.

The use of the

The present

of KJartanson ( L9B6 )

laboratory ice. In

The use of the

study is an extension of the work

on pressuremeter creep testing in
the analysis of Kjartansonrs test

L

The



results, it was found that a knowledge of the volume

change properties of his ice was required. rn response
to this need, the present t¡iaxial test program was

conceived to determine the bulk modulus, shear modurus,
and Poissonts ratio of Kjartansonrs ice.

The triaxial tests rdere carried out in a coLd

room at *2.0 oc and the mean stress employed varied from
l'0 to 2-5 Mpa. The deviator st¡ess was 0.B Mpa for ar.l
tests. Each test h/as divided into two phases; the f irst
phase lvas isotropic consotidation of the ice specimen to
dete¡mine the bulk modulus.

starterl'=rter volumetric deformation of the specimerr had

effectively ceased, and wa' a constant mean normal
stress shear test. The resurts of the second test phase

were used to determine the shear modurus and poissonrs

ratio of the ice specimen.

There is some data in the literature on the
elastic values of bulk modurus, shear modurus and

Poissonrs ratio for ice, but virtually none on the
manner in which these properties change with time during
creep. Previousry published studies have not examined

the volume change properties of ice in creeo.

the second phase was



2.L

The purpose of the present study was to
determine by triaxial testing the bulk modurus, shear
modulus, and Poissonrs ratio of the polycrystallinea ice
used by Kjartanson in his pressuremeter tesr program.
This chapter reviews the theory of the above mentioned
material properties, and discusses in more detail the
background of the preserri r:;taxial test program.

I ntroduct i on

CHÀPTER 2

THEORY

a The term polycrystaJ,r.ine ice refers to a mass of ice
made up of many crystars t et grains. rce grains usuarly
have a maximum size of =lOmm. fsotropic fce refers to
ice in which the properties are the same in arl
dlrections.
porycrystalrine ice in which the crystals have a

randomly-oriented granular shape, often hexagonal.
columnar ice refers to porycrystalline ice in which the
grains are elongated along the axis of growEh. sarine
ice may be frozen sea water or laboratory-made saltwater
1ce.

The term granuJ.ar jce refers to



2.L.L

The purpose of the t¡iaxial testing program
was to determine the bulk modulus, shear modurus, and
Poissonrs ratio of polycrystalline ice. The need for
this information arose out of the work of Kjartanson on

pressuremeter creep testing in 1aboratory ice. ( See

Kjartanson et aI ( lggg ) for a description of the
parameters of his test program). rn his study Kjartanson
compared his experimental resurts to the predictions
given by a

polder law creep theory, and to the results given by a

nodified second-order fluid ¡node1. rn formurar:ng these
models, Kjartanson made certain assumptions.
assumption was that the ice he used ( laboratory_grown,
pure granular ice ) wes incompressible. That is, he

assumed that poissonrs ratio was 0.5. A second
assumption he made was that the pressure was ze:*o at the
waII of the steer confining tank in which the test took
place. The outside dlameter of the pressuremeter hras 7o

mn and the diameter of the steel tank vras 1. o m. Às

Kjartanson et al had doubt as to the validity of these
assumptions they were examined further.

Frank (1988 ). analyzed the case of the
pressuremeter test in a confined tank of finite external
radius in an effort to determine the pressure at the
tank waI1. He used Nortonrs pos¡er law and assumed the
ice to be compressible. rn order to determine the

4

strain-hardening formulation of simpj_e

One



degree of compressibility of the ice which Kjartanson
used in his study, the bulk modulus, shear modulus, and
Poissonts ratio were required. As Kjartansonfs tescs
were creep tests it was important to have a knowledge of
these properties as they changed with time. À search of
the literature proved that very litt1e work had been

done on these mechanical properties of ice (whether
saline or freshwater ) r especially concerning the chanqe
in these properties with time.
the mechanical properties of ice have been carried out
in uniaxial compression, whire in most engineering
apFl ications ice undergoes murtiaxial sEress.
these reasons it was decided that a test program was

necessary to determine the mechanical properties of the
ice which Kjartanson used, and hor¡ they changed with
time.

2.L.2 The Triaxial Test proqram

constant mean normal stress triaxiar creep
tests tdere used to determine the volume chanqe

Indeed most studies on

properties of the ice.
deadweight ) triaxiar cells were used to load a

cyrindrical ice specimen first in isotropic compression
and then in shear. The shear phase of the test was

begun onry after volumetrlc deformatlons rn isotroplc
stress had effectlvely ceased ( that ls, reached a

volumetric strain =.1" of L.5 x 10-5 hr-a ) . À deviator
f,

For

Stress controlled ( lever arm



stress of 0. B Mpa was applied to the specimen during the
shear phase of the test. Mean stresses applied to the
specimen were in the same range as those used by

K jartanson ( 1. 0 to 2 -s Mpa ) . Àr1 testing v/as carried
out at -2.OoC in a refrigerated cold room.

six isotropic compression tests, six constant
mean normal stress shear tests, and one multi-suep
consfant mean normal stress shear test were performed at
mean normal stresses of 1.0, 1.5, 2.0, and 2.5 Mpa.

Note that whire all test specimens were subjected co
both isotropic compression and shearing forces as stated
above, not all of i:ne specimen test data was util ized.
For example, only the isotropic compression data of
Tests 1 and 2 were deemed of sufficient quality to be

utilized in the present study. Table z.r summarizes the
history of each specimen tested for the present study.
Data from certain tests (T1S, TZS, T3IC, T3S, and TTIC)
r,rere not ut i 1i zed because o f equi pment problems .

The f ol l owing nomenclature \.ras used when

referring to individual tests TnIC, TnS, TnUC, or
TnMs - The I'Ttf indicates rf restr, while the rrnrr ref ers to
the specimen number.

consolidation tests, rrsrr refers to the shear tests
( constant mean normal stress shear tests ) , 'rugrr ref ers
to the uniaxial compression test, and ,Msrr refers to the
multi-step shear test. see chapter 3 for a detaired
description of test lqtripment and procedures.

o

rr JCrt ref ers to the isotropic



The bulk modulus K was determined from the
isotropic compression phase of the test, and the shear
modulus G and poissonrs ratio ¡r determined from the
shear phase of

volumetric deformation of the specimen during the shear
phase was due only to the applied deviator stress. This
assumption was based on the separation of the stress
system into mean normal and deviatoric components and
that the ice was isotropic. The creep behaviour under
hydrosÈatic stress w¿rs studied by means of isotropÍc
compression tests, while the creep behaviour under
deviatoric stress v/as ¡tudied using tria¡.i.a1 compression

the test.

tests.

normal stress was kept eonstant at all times so that aII
strains ri/ere the resurt of changes in deviatoric stress

It was assumed that

on1y.

In the triaxial compression tests the mean

Domaschuk ( 1g6g ) to evaruate the static shear modulus of
unfrozen soi I .

This approach has been successfully used by

2.2

The bulk modulus, K, of a material is a measure
of the amount of volumetric strain which that material
undergoes due to a given burkr oE h.ydrostatic, stress.
There is a paucity of data in the literature on the burk
modulus of iee, and Sinha (1997) points to the need for
vorumetric strain data. Ifhat rere.vant inf ormation that
'das found is su¡n¡nE¡rized below in terms of theory,



prevlous work, and controlltng variables.

¿.¿.L BuIk Modulus - Theorv

The bulk modulus K may be expressed as

where

K=do

ðE_

Ê- = Volumetric strain due to a change in Ç

For an elastic isotropic material the bulk modulus may

also be expressed as a function of other material
constants as

cÍ = BuIk or hydrostatic stress

where

K= E

3 ( 1-2¡r )

There are a number of variabres which control
the mechanicar properties of ice. Those which affect
Ehe bulk modulus of pure granular ice (such as the ice

E = Young's modulus

U = Poisson's ratio.

made using Kjartansonrs method

include pressure ( stress 1eve1 ) , temperature, grain
slze, density, and hydrostatrc stress appllcatlon rate.
À11 of these are discussed in subsequent sections. Gord
(L977 ) states that ice can be assumed to respond
erastically to stress when the period of application is
less than 100 s for stress less than 1 Mpa. For the
perfectly elastic case, using equation (Z.Z), a value

I

(2.r)

(2.2)

- see Section 3 . 3 .1 )



for bulk modulus of 10.3

granular freshwater ice. This was obtained using a

perfectly elastic youngrs modulus of 9.3 Gpa (Sinha,
L977), and 0.35 for poissonrs ratio (Murat and Lainey,
1982), both determined by static testing. Mellor (192g)
gives a value of about 9.0 Gpa for the burk modulus of
pure porycrystalline ice at temperatures significantly
below zeto- Ice experiences visco-prastic deformation,
or creep, even at 10w stress 1eve1s. Therefore most
compression tests on ice do not determine the true burk
modulus but rather the effective (time dependent) bulk
modulus, Ke. Trie term Ke will be used in this thesis
when referring to the bulk modurus of the ice as
determined by the present study.

cPa can be calculated for

2.2.2 Bulk Modulus - prewious I{ork

It would seem reasonable to expect ice to
reach equilibrium some time after it \.ras compressed
hydrostaticalry. That is, it may be expected that the
vorumetric strain rate would eventually reach ze..o under
a constant hydrostatic stress. The vorumetric strain
rate of a specimen would not be expected to be grobarry
constant or monotonically increasing because this
implies that the specimen would eventuarry disappear.
unfortunately the¡e rs no data in the rlterature to
conflrm or refute thts hypothesis. rt has been shown
(Hobbs, L974) that 

o 
when ice is subjected to slow



lsothermal compresslon up to hlgh pressures I phase
changes occur in accordance with the p-v-T phase diagram
(see Flgure Z.I), and high density polymorphs may be

formed. At these very high hydrosÈatic pressures (:3000
MPa) volume strains can be very large (see Figure 2.2).

7)2

It has been established that ice at high
homologous temperatures ( that is near the meltinq
point), will compress as hydrostatic pressure increases.
Figure 2.2 confirms this.
visco-plastic nature of ice, r,J continues to deform
volumetrically after a pressure has been appried and is
held constant.

deformation with time is not known.

for example, if the time to attenuation for granuJ.ar ice
increases or decreases for an increase in hydrostatic
pressure. rt is important to know how the volumetric
deformatlon attenuates because effective burk modurus is
a direct function of volumetric strain.

Temperature has a werr documented effect on

the deformatlon of ice under load (see, for exampre,
Traettberg, Gold, and Frederklng (19?5), Duval and Àshby
(1983), and Jacka (1984)). rn general, the response of
ice to axial stress becomes more ductile as the

However, because of the

The attenuation of volumetric

temperature increases.

bulk stress since Me11or (19g4) specurates that a small
10

It is not known,

Thls may not be the case for



volume of water present in the ice lattice should not
have much effect on the burk modulus of ice because K

for water is not much lower than K for ice. Àt -Zoc,
there is stilr unfrozen water at the triple points
between grains (Sinha, 19gg). Note that the temperature
control in the present study v/as precise and accurate
the specimen temperature was maintained at -2.0oc +

0 . 10e.

À furthe¡ variabre affecting volumetric strain
may be Lhe lowering of the melting point due to
pressure. The highest hydrostatic pressure applied in
the present study lras Z.S Mpa.

nelting point of ice is rowered to -o.zoc (Hobbs, 19741.
It is berieved that at -10oc and atmospheric pressure

arr water is frozen in pure ice (Hobbs, 1974). Note

that l{eertman (1963) states that in a polycrystalline
ice specimen unfavourabry orientated crystals are

subjected to stresses appreciably greater than average,

and the stress concentration factor is of the order of z

or 3 (Barnes, Tabor, and llalker, 19?1). Therefore, the
merting point may have been lowered to -0.6oc at certain
grain boundaries in the present study.

The effect of grain size in uniaxial. and

confined compression and tension tests has been studied
(see, for example, Jacka and Maccagnan ( 19g4 ), core
(1985), CoIe (L98?), and Duval (1981)). There is no

data in the literature on the effect of qrain size on
11

At this pressure ll:e



volumetrlc straln. rt 1s generally agreed that ice
grains undergo recrystallization during uniaxial
compression. Jacka (1994) concludes,

ice crystal size has litt'e or no effect onthe miminum flow rate of isotropicpolycrystalline ice. rt may however aitectthe primary or transient flow rate, and thusthe time to reach minimum strain .at.
This effect may extend to volumetric deformation. Note
that in the present study, initial grain size was
constant at L2 nm.

Mellor (1929) presents evidence that the burk
modulus of snow and ice is dependent upon the density or
porosity ,ri. the ice (see f igure 2.3) . He states that
if the ice is under plessure for a sufficiently rong
period of time the pore volume tends to adjust according
to the gas laws.

À finar variabre influencing effective burk
modulus is hydrostatic stress application rate. Me11or
(1979 ) concludes that overalr compressibility is not
much different for high rate and ror+ rate compression,
at high stresses. The effect of hydrostatic stress
application rate at row stresses such as in the present
study is not known.

2"3

The shear modulus, G,

mechanical property that relates
strain a material undergoes to the

I2

of a material
the amount of

shear sÈress

lSa

shear

act ing



on the mater1al. shear modulus has been determined Ir.¡ï
polycrystarline ice, but usuarly by dynamic methods such
as sonic testing. static methods of measuring shear
modul'us require measurement of volume change t or of
lateral strain as well as axial strain. some authors
have measured the lateral strain of ice under uniaxial
compression, and the shear modulus may be determined
from their results. shear modulus is discussed below in
terms of theory, previous work, and controllinq
var iables .

) 21

where

Equat i on

Shear modulus may be expressed as

G = So-+
To=e

Soet = Octahedral shear stress
Tooe = Octahedral shear strain

2.3 may also be expressed as

G = (crl - o3)
2 x (et - e3)

where
o1 = Àxial stress
cr3 = Hydrostatic stress
Es = 2 x (el e3) x 3-r-tl = Àxial strain
e3 = Radial strain ( for a
E3 = (Ev ej.l/ z

stralns are consldered posltlve 1n compression. For
elastlc materlal, the shear modulus may also
expressed as ,1 f Unctl0n of other matËr1.11 LronEt.ttrt= ,1Ë

G = E (2'
2 (L + lr)

J-J

(2.3)

= Shear strain (2.

cylindrical sample
(2.

(2.3a)

3b)

)

3c)

an

be

4',)



The behaviour of granurar non-sa11ne ice in
shear is controlled by a number of factors, incruding
stress application rate, stress Ievel, stress difference
(deviator stress), temperature, density, and grain size.
For the perfectly elastic case, using equation (2.41, a
representative value of 3.5 Gpa can be calcurated for
the shear modulus of polycrystalline ice at -10oc. This
was obtained using a perfectly elastic value of young,s
rnodulus of 9 .3 Gpa (Sinha , Lg77 ) , and 0. 35 f or
Poissonrs ratio (Murat and Lainey, LggZ) , both
determined by static testing.

Since the present study involr.¡ad. time_
dependent, non-elastic deformation, the term effective
shear modulus, Ge, wirr be used in this thesis to denote
the quantity represented by equation 2.3 for plastic
de f ormat i on .

)'1 )

There is some data in the literature regardlng
the shear modulus of ice determined by dynamic methods.
rn a survey of the elastic constants of sea ice" Ireeks
and Assur (1962) report varues of shear modurus varying
f¡om 0.5 to 3.0 Gpa determined by seismic rieia methods.
Gold (1966)' in a survey of the erastic constants of
freshwater ice determined by sonlc methods, reports
values of shear modurus ranging from 3.27 to 3.65 Gpa.
As the speed of the seis¡nic or sonic wave causes roading

t_4



times of much ress than 1 second, these G varues may be
viewed as purely elastic constants.

sinha (1gg5a, 1gg6b) measured the axial and
lateral strain of sea-ice specimens subjected co
uniaxial compression. Thin sections of the ice revear_ed
a columnar-grained structure, which causes anisotropic
behaviour under 1oad. Figure 2.4a shows resurts f¡om
Sinha (L985b) for a strain rate of l-0-? s-., which is Ín
the range of minimum creep rates attained in the present
study. Figure z.4b illustrates the resurts of a simirar
test conducted at a strain rate of l0-.s_a, these
ressr'r.lts approach the behaviour the specimens r¡xh ibited
at the instant of loading during the present test
program.

)-1.?

The rate at which the load is applied to a
specimen Ín a creeP test can have an effect on the 

'onqterm behaviour of the specimen.
that a relatively high stress appried instantaneousry
can damage a specimen prematurely. Mlcrocracks that
occur as a result of a stress rate that ls too hlgh w111
enhance the creep of the specimen (stnha 19gg). rt is
important therefore to consider the stress application
rate when deslgnlng a test program because rt wrlr have
an effect on the temporar characÈeristics of the
effective shear modulus.

15

Mel1or (1979) states



stress 1evel may also have an effect on the
properties of the effective shear modulus-time curve.
ïn general, the higher the deviator stress acting on a

specimen the faster it will deform (see, for example,
Jacka (L984)). There is no data in the literature on

the manner in which the effective shear modurus chanqes
with time, at any stress leveI.

There has been a moderate amount of work on
the effect of confining pressure during compression
testing of ice ( Jones 

' 
ggZ, Hausler 1981, Nawvar,

Nadreau, and lfang, r9g3). Jones found that confining
pressure increased flie strength of ice up to a rirnit of
*40 MPa, after whrch the effect vras reversed. Nalrwar et
ar found that strength increased rapidry up to confining
pressures of 1 Mpa, after which the effect was linear up
to the maximum confining pressure appried of 2.g Mpa.

Note that strength is not the same as shear modurus t ot
stif f ness.

strain-rate of 5.5 x 10-a s-r" the srope of the stress-
strain curve in the elastic range does not seem to
change as confining pressure varies from 0 to g5 Mpa.
This indicates that the axial stiffness ( young, s
modurus) does not change with confining pressure at high
strain rates. rf it is accepted that axiar stiffness
and shear stlffness are related, then it may be
postulated that confining pressure wirr have rlttle
effect on shear modulus.

16
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Temperature has a well-documented effect on

the strain rate of ice in uniaxial compression (Me11or

and Testa 1969 ) . see Figure z.s. This effect is
especially significant near the merting point of ice.
when testing at near-merting point temperatures, a sma1l

change in temperature may cause an appreciable change in
strain rate- Just how this strain rate dependence on

temperature affects G is not clear.
The effect of pressure rnelting has already

been discussed in the previous section on bulk moduLus

(Section 2.2.3). As was the case with effective bulk
modulus, the effect of unfrozen water oi the effective
shear modurus is not known. Note that for the present
study, the maximum stress applied during the shear phase

of the test vras 3.13 Mpa (confining stress plus deviator
stress at a mean stress of 2.s Mpa ) . rf a stress
concentration factor of 3 is assumed,, the melting point
would be lowered to -0.?oc at certain grain boundaries.

In considering the effect of density or
porosity on the effective shear modurus of granular ice,
the key question is how does the porosity affect the
axlal and radlal stralnlng? Traetteberg et aI (19?5)

show in Figure 2.6 that youngrs modulus for
polycrystalline ice increases fairly strongry with
denslty. Thls wourd rmply that axlar stralns lncrease
wlth porosity, but the effect on radlal strain is not
known.

L7



rt is difficult to draw any conclusions from
the literature about the effect of grain size on shear
modulus. CoIe (l9B?) has shown that at high strain
rates (L0-¡ to lO-3 s-a) the strength of polycrystalline
ice decreases with increasing grain size. This can be

seen in Figure 2.7. Howeverr äs discussed previously,
the strength of ice may not be a reliabre indicator of
stiffness. The exact effect of grain size on shear
modulus is not addressed in the literature.

2.4

The poissonrs ratio of a material is equal to
the laterar strain divided by the axial strain that the
material experiences under an axial 1oad. poisson,s
ratio has been determined for polycrystalrine ice both
by dynamic and by static methods. poisson's ratio is
discussed here in terms of theory, previous work, and

controlling variables .

2.4.L Poissonrs Ratio - Theorv

where

Poissonrs ratio may be expressed as

U = ¿3/¿L

e3 = lateral sÈrain

el = axial strain
Note that strains are positive in compression.

Poisson's ratio in freshwater granular ice is controrled
by a number of variabres, incruding density, grain size,

18
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temperaturer stress state, and stress application rate.
The term Poissonrs ratio is usually reserved for cases
of purely elastic loadinq.
deformation occurs, the use of the term "strain ratiofl
is suggested by Sinha (19g6a). It is denoted by Fer
indicating the ti¡ne dependent nature of this quantity.
Another term, Hi, is used to denote the instantaneous
strain ratio. The difference between these t$ro terms is
that ue is the ratio of the total radial strain to the
total axial strain whereas lri is the ratio of the radial
to axial strains occurring over a specific (usually
short) period c,f Lime. The term strain ratio will be

used in the present study to indicate that equation z.s
is being used for a specimen that has undergone prastic
deformation.

In cases where plastic

2.4.2 Poissonts Ratio - previous i{ork

Às stated previously, poissonrs ratio has been

determined by both dynamic and static methods. r{eeks

and Àssur ( 1957 ) in a survey of seismic field
determinations of the erastic moduri of sea ice present
values of Polssonrs ratlo rangrng from 0.2g to 0.3g.
Gold (1966) lists values of poissonrs ratio ranging from
0.31 to 0.36 for freshwater ice. These varues were

determlned sonlcally, and represent the pure elastlc
caser ås do the selsmic data. À value of 0.30 1s

accepted as representing the elastic case for freshwater
19



ice, and 0.50 the plastlc case (Slnha, 19g6a).

Pubrished studies of poissonrs ratio usÍng
static methods are few, but include Gold ü_95g ), Murat
and Lainey ( 1982 ) , and Sinha ( 19g6a , L9g6b ) .

tested freshwater ice, while Murat and Lainey and sinha
tested columnar saline ice. Gold reported static tests
performed on multigrained ice stressed at the rate of
200 kPa s-r' for a temperature ranging from Ooc to -40oc.
Poissonrs ratio varues of from 0.30 to 0.54 were

reported.

instantaneous strain ratio with stress rate for
temperatures of fuon -5oc to -40o(:. sea ice beams lrere
loaded in frexure, and rongitudinal and transvezse

Murat and Lainey assessed the chanse in

strains measured.

increasing stress rate down to near the value determined
by sonic methodsr ðs shown in Flgure Z.B. S1nha (19g6a)

measured the axial and laterar strains for rectangular
sea ice specimens subjected to uniaxial compression. He

applied high strain rates (10-¡ to 10-3 s-') and found
that pe increased monotonically during the roading
period. Final varues i¡nmediately after unroading were
¡0.8. He states that these values of Jre whrch are
significantly higher than 0.5 (the theoretical Ii¡nit for
incompressible flow) were due to dilation caused by

Go 1d

They f ound that lre decreased with

crack inq.

ice in constant strain rate uniaxial compression at
-100c.

Sinha (1986b) also tested columnar iceberq

He measured axial and lateral strain on
20



rectangular specimens. strain rates varied from Lo-, uo

10-{ s-r'. Figure 2.4a shows the results of a tesr
carried out at 10-? s-r- . Mel1or ( 19g3 ) and sinha
( 1986a ) both state that the effective strain ratio
should increase from r 0.3 to an upper limit of = 0.5 as
the material response becomes more ductile.

2.4.3

The effect of density or porosity on the axial
and lateral strain of a specimen is discussed in section
2.3.3. MeIlor (lgB3) states that U for freshwater ice
does not vary much with density. Schwarz (]-g77) quo.i.es

a study by Bush and Gordschmidt (1920) which indicated
that Ë for other materiars varied by less than 10ï as
porosity varied by up to 30t.
Poissonrs ratio (see section 2.4.2) has not deart with
density in ä systematic manner. Therefore it is nor
known how l.re will change as density changes.

As with density effects, there has been no

systematic study of the effect of grain size on

Poisson's ratio in polycrystarrine ice. sinha's studÍes
on poissonfs ratio (1996a, 19g5b), used two dlfferent
types of columnar ice with two different grain sizes
(1 mm and 8.5 mm diameter, varying length). At a strain
rate of 3 x 10-r s-t, and a temperature of _10oC, the
lce with 1 mm gralns had p x 0.3? at failure. Àt a

strain rate of 1 x 1o-r s-t, and a temperature of -10oc,2I

Previous work on



the ice wlth 8.5 mm grains also had H x 0.32 at failure.
Failure is defined here as the peak of the stress-strain
curve. The author does not berieve that the comparison

of these two tests is sufficient reason to claim that H

is not affected by grain size. The ice tested by Murat
and Lainey (1982) was corumnar-grained, with grain sizes
perpendicular to the direction of growth equar to 1 mm.

Their results are shown in Figure Z.B.

Murat and Lainey ( 1992 ) determined effective
strain ratio at -40oc, -30oc, -2ooc, and -5oc, as shown

in Figure 2.8. Their results indicate an increase in
effective sirain ratio with increasing temperature. The

results of GoId ( 1g5g ) are in agreement with this
observat i on .

The stress state of ice wirl also affect the
effective strain ratio. confining pressure witr subdue

internal cracking which causes dilatÍon (Melror r9g3).
(Dllation is, responsible for an increase in effective
strain ratio (Sinha, 1996b) ). Therefore the lateral
st¡ain will be reduced and poissonrs ratio wirl be

reduced as compared to an unconfined specimen.

There is some confusion in the riterature
regarding the effect of stress application rate ( or
strain rate ) on the strain ratio of ice. Murat and

Lainey (1982) concluded that the effective
strain ratio decreased with increasing stress

application rater ås shown in Figure z.g. sinha (19gEa,
22



1985b) found for varying strain rates that the effective
strain ratio increased with time.
samples tested at higher strain rates had higher
limiting strain ratios, due to greater cracking
activity. It is difficult to compare the resurts of
sinha to those of Murat and Lainey because of the
different test methods employed, and because Murat and

Lainey do not show the variation of effective strain
ratio with time.

In summary, this chapter has reviewed the
theory, previous work, and controtting variabres of the
bulk modulus, shear moduiurs, and poÍssonrs ratio of
polycrystalline ice. These mechanicar properties are
directry influenced by the pressure ( stress 1eve1 ) ,
temperature' grain size, density, and strain rate of the
ice- The majority of the previous work on the buLk

Sinha found that

modulus, shear modulus,

polycrystalline ice has been directed towards the
determination of erastic properties, often by dynamic

methods.

concentrated upon the tlme-dependent, visco-prastic
nature of deformation in ice, especialry as regards the
change in mechanical properties with time.

Very few of the previous studies have

and Poissonrs ratio of

23



Spec imen
Number

1

2

3

A.t

5

I

9

Iable 2.L

Summary of Speclmen Hlstorles
Isotropic

Comoression Shear

x (Tlrc) -
x (Tzrc) -

X (T4IC)

Y ¡/rTrR?ar\\ ¡ J¿ U /

X (T6IC)

x (T4S)

x (T5S)

x (T65)

x (T?S )

X (TBS)

'fxrt lndlcates,that thethe present study, with

x (T9rc)

Mean
Stress (Mpa ì

¿.)

2.0

2.5

I'. U

r.3

z.u

2.5

(T9S)
( TgMs )

data from that test was usedthe test name in brackets.

Unconf i;i¿C
Compress i on

2.5
2.5
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3.1 INTRODUCTION

This chapter examines the equipment that vras

used to make and test the porycrystalline ice specimens.

The procedure followed for each test is arso reviewed.

TEST EQUIP}ÍENT AND PROCEDURES

CHAPTER THREE

3.2 TEST EQUTPMENT

Refer to Figure 3.1 for the layout of the

testing s.¡stem.

3.2.1 Triaxial Ce11s

The triaxial ce11 (Flgure 3.2) \rras the heart
of the triaxial ice testing apparatus. The ce11 r,ras

based on a National Research council of canada design

and \./as of a double-wal red aruminum construct i on.

copper tubing was wound around the outside of the inner
cylinder- The tubing was connected to a temperature

bath which pumped constant temperature coorant through

the tubing at a steady rate thereby cooling the

antifreeze in the triaxiar cer1. Each ce11, of which

tso were used in the test program, had a bUiIt-in
thermistor in the inner chamber to monitor the sample

temperature. F1gure 3.2 is a schematlc of the triaxial
cell. The ice specimen was placed in the inner ceI1 and
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the remaining space in the inner cel1 was fi1led with
anti-freeze. The inner cerl was connected through a

port in the ce11 base to the volume change burette as

indicated in Figure 3.2. volume changes in the inner
ce11 were reflected by a change in the level of anti-
freeze in the volume change burette. The level of the
anti-freeze in the burette could change because of one

or more of four phenomena. These were system compliance
( including anti-freeze compression - see Figure 4.L),
thermar expansion and contraction of the anti-freeze
liquid (found to be 0.4S CC/ oC/ 1000 CC)r ice specimen

volume change, and intrusion of the f. -=ton into the
inner cylinder. The thermar expansion and contraction
of the ice itself was negrigible in comparison to these
four mechanisms.

3.2.2 Load Àpplication

The cyllndrlca1 ice sampres r.rere subjected to
two types of loading axiar and radiar. The axial road

vtas applied through a Farnell lever arm constant load
frame. The radlal load was applled to the sample

through fluid pressure. compressed nitrogen gas vras fed
dlrectly to the anti-freeze f1uid. The anti-freeze
fruld surrounded the speclmen and fllled the space

between the lnner and outer cyrlnders. Note that by
pressurizing the fluid in both the inner and outer
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chambers of the

not subjected ro

3.2.3 Temperature Control

There were three lever-s of temperature contror.
in this testing program. First, the tubing coir on the
outside wa11 0f the inner cylinder was connected to a

constant temperature Haake K Refrigerator Bath with a

Haake F3 controller. The fluid continuousry círcur_atÍng
in the coil helped moderate any temperature fructuation
in the surrounding antifreeze. secondly, the ce11 was

praced in an insulated cabinet to further protect iÈ
from any temperature fluctuations in the cold room.
Thirdly, the whole test system, excluding the
electronics and the ptessurized gas supply, was placed
inside an environmentally controlred chamber, the cold
room The combined effect of these contrors was to keep

temperature variations in the inner chamber to within
t0.1 degrees Celsius.

triaxial ce11, the inner cylinder \{as

a differential Þressure.

3.2.4 Instrumentaion

Each cell was equipped with
inst¡umentation, as described below.

Pressure Transducer Dynisco pressure
transducers effective in the o-7 Mpa range were used.
They were attached to the pressure feed line just before
it entered the ce11. The transducers were calibrated

35
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using a Lucas Barnet 9000 series deadweight tester, and

were accurate to within 15 kpa.

Thermistor - Each cell had a built_in
thermistor in the inner chamber. The thermistors \r¡ere

caribrated using an ice-bath, a thermometer accurate Eo

within t0.01oc and a Haake Refrigerated Bath. The

thermistor measured temperature accuratery to within
t.01 degrees CeIsius.

Axial Deformation LVDT - The

height under load was measured by

displacement transducer. These LVDTTs

wj.thin t0.013 r--n and produced a steady

interf erence. The axlal LVDTTs \,¡ere

stainless steel gauge blocks.

Volume Change Device

measuring the vorume change of the sampre were tried.
The first method, which later proved unsatisfacto.'
employed an erectronic volume change measurement device.
A froat located in a reservoir inside the device was

attached to an Hp zDcDT-5oo displacement transducer.
The volume change device was caribrated using a GDs

controrler which controlred vorume changes to withln 1

change in sample

an HP TDCDT-500

i{ere accurate to

signal free from

callbrated uslng

cubic millimeter.
during a shear test at zer,o cerl pressure, the device
was noË very sensltlve to vorume changes when it was

pressur 1zed.

Tr¿o methods of

asymmetrical float which caused the L\¡DT rod to tilt and
37
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the core

with a s

ÀIthough

$/as found

üo bind wlthln the tVDT.

It was then decided to measure volume change

imple burette system, as shown in Flgure 3.1.
this system necessitated manual readlngs. it
to be accurate.

Note that the calibrations for the pressure

transducer, the axial deformation LVDT, the therrnistor,
and the volume change device were carried out in cord
room conditions at the test temperature of -ZoC.

Power Supply - A 5-voIt supply por+ered the

instruments and fed the analog signals into the anarog/
digital conversion card in the cotnn'rrer.

3.2.5 Data Àcouisiton

À computer controlled data acquisition system

was used to record the readings from the instruments
(with the exception of the volume change burette). The

heart of the A/D system consisted of an off-the-she1f
computer board whlch served as multiplexer, anarog-
digital converter, and gain amplif ier. The board 'rras a

Real Tlme Devices AD500 analog/dLgital conversion board.
The data was stored on the computerrs hard dlsk drive as

it was read. A pc Generation rBM-compatibre xr computer

with a 30 megabyte hard drive was used in the data

acquis ition role .
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3.2.6

The sample volume change measuring system used

in the test program was found to be compliant. cäre rdas

taken to nrinimize the amount of entrapped air in the
system. Nevertheless, volume strain, as measured with
the burette, and due only to the compression of the

anti -freeze, expans ion of the tubing and ce11, and

compression of entrained air, was approximatery 0.251

at a pressure of 2.5 Mpa. Due to the double-walled
constructlon of the trlaxiar cell expansion of the inner
cycllnder with pressure must have been negliglble. '!le
compriance calibrations gave repeatable results,
suggesting that the measures to insure that no air
bubbles vrere present in the ce11 at the time of testing
were successful. Later test results, hor*ever, proved

that entrapped air may have caused some variation in
initial measured volumetric strain.

Pressure Calibration

3.3 TEST PROCEDURE

The procedures which nere followed to run a

t¡laxlar test are su¡ûnarized here. The steps dlscussed
include the production and freezing of the ice, coring
of the specimens, sample preparatlon, sample testlng,
and post-tegt actlvltles.
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?11

It was important to fol1ow the same procedure

in rnaking thq ice for the present study as was used by

Kjartanson (1986). Thls was accomplished using the same

equipment as he used, and by adopting his procedure,

sununarized as follovrs :

Produetlon of Tce

1. The cold room in which the freezing barrel was

situated was set to give an average temperature of
0 oC. The barrel in which the ice was produced was

approximately one meter in diameter and one meter

hlqh, and is shown in plate 3.1.

2. À u-'ater reservoir was f illed with enough tap

water to flood the sample (approximately O.Z mr).

The water was chilled to the freezing point by

pouring fine grained party ice into it.
3. Thermocouples were taped to a wooden rod which

was then stuck into the barrel to monitor

temperatures during and after the freezing of the

specimen.

4. The freezing coils on the bottom of the barrel
were covered with sand to prevent them being

damaged by the core barrel durlng drl1l1ng. The

freezing coils $rere hooked up to a condenser and

assured that the ice f.xoze from the bottom up. To

prevent radial freezing, the sides of the barrel
were insulated and the room was kept at OoC during
the freezing process.
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5. The hose from the water reservoir was placed
in the bottom of the tank and the tap controrrinq
the flow was opened.

6. Immediately, two bags of fine grained party
ice purchased from Arctic lce Co. Ltd. of Winnipeg
were poured into the tank and compacted 100 times
with ä specially constructed tamper. (The chemical
properties of the tap water and the seed ice
crystals are given in Table 3. I from Kjartanson
1986 ) .

7. Ice crystals were poured into the tank and

compacted, bag by bag. rl:h bag formed a loose
lIft of ice crystars about 50 to 7s m¡n thick. Each

Ilft of ice crystars was tamped 100 times with the
special tamper. The pre-chirled water was allowed
to f low into Lhe Lank at a steady rate, and v/as

within 15 cm of the ice level at all times.
8. The level of the ice crystals was brought Lo

wlthin about 25 to 50 nm of the top of the tank.
I{hen the porewater had just flooded the top
crystals, the tap was shut off and the hose

removed.

9. The ice sample temperature and room

temperature were monitored closery untir the sampre

was completely frozen. The room temperature was

malntalned as crose to Ooc as posslbre, so that
neither significant freezing nor thawing occured on
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This method of making ice was moderled after that of
Sego ( 1980 ) . Samples produced in this way are

reproducible and homogeneous as the ice density
measurements presented in chapter 4 indicate. Ifork by

Thompson ( 1985 ) using thin sections showed a smaIl
variation in air content, however, going from top to
bottom in the tank.

the sample sides and top.

??)

Àfter the tank of ice was frozen ( tank
temperature was -ZoC), core samples were ext:acted for
testing. The core barrer used was of a modified CRREL

design, with an outer diameter of 104 nm and inner
diameter of 72 nm. The core barrer was turned with a

hand-herd povrer dri11, and penetrated to the level of
the sand at the bottom of the tank. The core barrel and

drlll are shown in prate 3.2. After a core sample was

Cor i nq

extracted i t vras logged .

borehole totalled approximately 6s cm in length and were

usually broken into 4 sectlons. The appearance of the
core was arso recorded t.e. the slze and amount of alr
bubbres and the structure of the ice. rf the samples

rrere not to be used immediately, they \.rere wrapped in
cerophane and placed in a sealed plastic bag to prevent
sublimation during storage. some snow was added to the
bag so that sublimation, if aoyr of the snow wourd occur

42
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first. The samples were

degrees Celsius.

sample disturbance during

Àny surface imperfections

lathing process.

3.3.3 Sample Preoaratíon

The ice samples as extracted by

barrel were not immediately suitable for

There

stored in a f.xeezer at -lg
bras no vis ible evidence of

coring (no cracks visible ) .

"rere removed dur i nq the

testing because the ends were not perpendicular to the
length and the diameter vras not sufficiently constant.
(P1r¡te 3.3 shows a specimen during the machining
process). To make a true cycrlndrical trlaxial speclmen

the ice sampres \.rere lathed to the proper dimensions by

the following procedure.

1. The cold room ,,¡as chilled to -soc to ensure

arl metal parts \â/ere well beneath the freezinq
point.

2- The ice cores were brought into the cold room

to bring them to cold room temperature. Àn ice-
water mixture vras prepared (the water was later
used to freeze the sample onto the platens ) .

3. Both ends of a section of core barrel sample

were cut to be perpendlcular to the sampre axis
wlth a bandsaw.

4. A 6.35 cm dlameter top platen was frozen onto

one end of the unfinished sample. The platen had
43
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been prevlously cooled to -1gocf and was in the
cold room for about r0 minutes before it was used.

The sample was frozen onto the platen by first
covering the surface of the platen with ice water
at 0 oC and then placing the sample directly on the
praten immediatery afterwards. The sampre wourd

freeze onto the platen, forming a strong and firm
bond after a few seconds.

q rnh^ -1-!J- -Lne praEen was then placed in the chuck of the
lathe and the sampre was turned to a rength of 140

mm (5.5 in.) and a diameter of 64 nm (2.5 in.).
6. The sample di.nre.,is ions were then measured with

calipers and the sample weighed to determine itrs
dens i ty.
7. The lower platen was attached to the other end

of the sample using the same procedure as in 4.

8. The sample with both platens attached v/as

placed on the base of the triaxial ceII.
9. Sllicone grease vras applied to the vertical

surface of the platens and the f inished sample ,rras

covered with two rubber membranes, secured by a
total of slx o-Rlngs, to prevent inflltratlon by

the anti-freeze and subsequent dissolving of the
sample during testing. This combinatlon of O-

Rlngs, rubber membranes, and silicone grease was

found to be effective.
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3.3.4 Sample Testinq

Àt this point in the
the base of the triaxial cell
rubbe¡ membranes. plate 3.4

ceIl base.

3.3.4.1 Assembly of Triaxial Celt

The triaxial cerl was assembred around the ice
sample using the following procedure.

1- Àttach the inner cylinder with its coorant
coil bo the base of the cell. I{hen t.rre ìnner

cyllnder is secure, turn on the temperature bath.
Allow anti-freeze which has been cooled and de-
aired for 6 hours to frood the inner cytinder from
the bottom; stop when the antl-freeze is almost at
the top.

2. Àttach the top of the inner cylinder, allow
anti-freeze Lo flow out of the bteed screw, and

then replace the screw so that no air is trapped.
3. Attach the outer cyrrnder to the cerr base,

and then flx the top of the outer cylinder in
prace. lfhen secure, open the rower varve again and

allow anti-freeze to flood the annular space

between the two cyllnders.
4. Ifhen the cell ls full, remove and quickly

replace the two bleed nuts on the cell base
45
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ensurlng that no air is trapped.

5. Place the piston and fil1 the

5. Allow the ceIl temperature to
equilibrium at -Z.Ooe for at 1east

7. Àpply a trial pressure of xl.}

Ieaks .

8. Attach LVDT, Thermistor, and pressure

transducer to data aequisition system.

Àt this point the equipment was ready and a test could
be started. plate 3.5 shows the triaxial ce11

completery assembred in its insurated cabinet.

3.3.4.2 Isotroolc Compression Test

The isotropic compression test was carried out
to determine the effective burk modulus, Kê, of the ice

burette.

come to

six hours.

kPa to check for

which KJartanson used in his test program.

pressures used in the triaxial test program ranged from
0. B to 2.5 Mpa.

stabilized at -z.ooe, the desired pressure was applied
by means of pressure-regurated compressed nitrogen gas.
(Prior to applicatron of the test pressure, hoyrever, a

small pressure of approxlmately 7 o kpa r¡ras appl led to
the ce1I to test for leaks ) . rt took approximately 60

seconds for the test pressure to stabillze. rmmediately
after the cer,l pressure had stablllzed, the burette
leve1 was recorded by €yêr and the temperature and

pressure v¡ere recorded by computer. During the first
46
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hours of a test, readings were taken approximately every
10 minutes. The frequency of readings decreased as the
test progressed.

constant until the volumetric deformation of the ice
effectively ceased. since the rate of vorume change

decreased asymptotically, it would have taken a very
long time for the ice

The¡efore, it was assumed, for practical purposes, that
the ice had stopped deforming when the volumetric change

The ce11 pressure v¡as maintained

decreased to a strain rate of : l-0-ã hr-a.
assumption was based on the work of Rahman (199g) who

perf ormed s imila:: r::.sts on f rozen sand. I{hen this point
in the test was reached, the shear test was bequn.

to stop deforming completely.

3.3.4.3 Constant Mean Stress Shear Test

The constant mean stress shear test was

carried out to determine the effective shear modulus,

Gê, of the ice which KJartanson used in his test
program. The mean stress, omr on the sample was

determined as follows,

om=(o1 +o2+r:3)/ 3 (3.1)
where ol = axial stress

ú2, o3 = lateral stresses, at right angles to
each other (a2 = o3 in the triaxial test).

Ifhen the sample had reached a vorumetrlc straln rate of
1.5 x 10-5 hr-a in the isotropic compression test, a

deviator stress of 0.9 Mpa was appried to the sample.
47
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At the same t1me, the ce11 pïessure was reduced to
compensate for the increased axlal stress. Thus the
mean stress on the sampre was maintained constant. Mean

stress levels used in the test program v/ere 1.0, 1.5,
2.0, and 2.5 Mpa. These levels corresponded to the
pressuremeter stresses used by Kjartanson in his
program.

because it was high enough so that the tests would not
take an inordinate rength of time, but 1ow enough so

that the visco-plastic nature of deformation in ice
would be apparent. The deviator stress !/as not changed

from test to test so that test resu] != :ould be compared

on an equal basis. The devlator stress \./as varied in
the multi-step test.

The deviator stress was applied by placing
the piston firrnly on the top platen, locking the piston
in place with the piston cramp screw, loading the

required weights onto the rever arm, and then releasing
the piston clamp screvr. Thus the deviator stress rras

applied very quickly, just as the pressuremeter pressure
was appl led in KJartansonrs work . .ã, reading of the
burette and the electronic instruments was taken t 3

seconds after application of the deviator stress.
During the apprication of the deviator stress the data
acqulsitlon system \r/as set to take readlngs at the
maximum frequency of one readrng every two seconds.

Burette readings were taken every r-0 minutes during the
48

À deviator stress of 0.9 Mpa was chosen



first hours of a test, and with decreasing frequency
thereafter - The deviator stress of 0. g Mpa was

maintained until the sample had reached an axial strain
of approximately 7ts. The axiar load and ce11 pressure

were then released.

For the multi-step shear test, once the first
step v¿as completed (at an axial strain of x j %), the

ce11 pressure was lowered and the deviator stress was

increased. rn each of the second and subsequent steps,
the deviator stress was increased by 0.4 Mpa, and the
ce11 pressure accordingly lowered to maintain the mean

stress at 2 .5 Mpa. The deviator stress \^ras appl i ec

incrementally - the cell pressure was rowered fi.rst and

the required weights were then praced on the lever arm

in order to increase the deviator stress by 0.4 Mpa

above the previous Ieve1. The second and subsequent

steps r'rere run until axial strain f or that step was x24,

and then the next load was applied. The lever arm on

the load frame dld not have enough travel to arlow
individuar steps to reach a greater axial strain than

2\. À total of f ive steps r¿rere used for the multi-step
test.

3.3.4.4 Post Test Àetiviti es

After the test had

released, the trlaxlal cell
rubber membranes removed from

49
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\{as dlsassembled and the

the sample. The condition



of the eample and the posltlon of the pratens were

recorded. sampre dlmensions were measured, and the
sample was weighed to determine itfs density. The sample

$tas then photographed and wrapped in cellophane and

stored in an air-tight bag for later analysis.
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TAELE 3.1

Chenical Properties of City of
and Arctic.Ice Co. Ltd.

Parameter

Fl uori de

Tota'l Hardness (CaC0¡)

pH

Ni trate
Chl ori de

Sul fate
Cal ci um

Hagnes i um

Sodi um

Potassium

I ron

Manganese

linnipeg Tap Hater

Ice Crystals

Tap water( I )

(nq/l )

0.90

83

8.0

<0.04

2

<10

2"q

6.2

1.8

1.4

0.06

0.01

Ice Crystals(2)

(mqll )

N.A. - not available.

( 1) data from "l,later Qual ity Honitoring Report", 1984,

City of l,linnipeg l,latenvorks and l,laste Disposal

Department, Laboratory Services Branch.

. - average va'lues of 1984 given.

0.27

8. 46
¡t 

^N .f{.

0.02

2

1

0. 54

0. 63

N.A.

0.08

0.02

(2) data from Arctic Ice Co. Ltd.; report prepared

by l,l.l,l. l,Jard Technical Services, Aug. 1982.
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PIate 3. I Top of ice freezing barrel



Plate 3.2 Drill and core barrel
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Plate 3. 5 Fully assembled triaxial ce11s insÍde cabinet



4.1 INTRODUCTION

The results of the triaxial test program are

presented here in terms of specimen strain and strain
rate from the isotropic compression and the constant
mean normal stress shear tests. rn addition to this
data, ice properties, best repeatability, and post-test
inspection of specimens are discussed.

CHAPTER FOUR

TEST RESULTS

4.2 ICE PROPERTIES

The ice used by Kjartanson in his test program

and in the present study had a slightly cloudy
appearance due to entrapped air. The ice is described

below ln terms of appearance, density, and grain size.

4.2.t Oualltatlve Descriotlon of Test Tce

The ice produced by KJartanson's method (see

Section 3.3 ) was not L00t free of air. During the

floodlng process, very snal1 alr bubbres ( <0.Smm tn
diameter) attached themserves to the boundaries of the
crushed ice used as seed ice. These smarr bubbres could

be seen after the freezrng process \./as complete as they

formed a falnt outllne around the orrglnar seed

crystals. The originar seed crystars were between 5.5
59



and 13 nun ln dlameter. ThesË very Ernal1 bnbhle¡ wÈrË

unlform ln dlstrlbution throughout the
Occasionally, a bubble of air (up to O.2S CC in volume)
would become trapped between seed ice crystals during
the flooding process and wourd remain after the barrer_
wËls frozen. These were random in nature, and could
probably have been avoided if vibratory compaction
techniques had been used t ot i f the ice,/water mixture
had been subjected to a vacuum.

4.2.2 Densitr of Test fce

Table 4.3.

exhibited relatively uniform density characteristics.
The average density of all test specimens was 0. g06

g/cm¡ r0.00? g/cmt. Thls corresponds to a porosity of
l ' 2t assuming the density of solid ice to be 0.917

The Cansity of each specimen is listed in
Às may be seen in Table 4.3, the ice

9/cmz .

rce.

densltles Is less than 1t of the average varue. Àrso
note that the samples were weighed after any surface
pores were infilled.

Note that the standard deviation of the

4.2.3 Crwstalloqraohv

A detaired crystallographic examination of
K jartansonf s ice r.ras carr ied out in r-9g? by Thompson.

Hls study determined that the average grain size of the
ice lras 1.35 *m' using the boundary-intercept method.
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Thls conclusion was supported by a preliminary
crystallographic examination of core samples by the
author' The crystars in the ice were granular, and the
c-axes of the crystars r.rere randomly oriented in the
horizontal plane. (Thompson, 1gg7). Examination by the
author determined that the c-axes were also randomr.y
oriented in the vertical p1ane.

(1987) for a more detailed discussion of the
crystallography of Kjartansonfs ice.

4.2.4 Soecimen Reproducibititv

the present study is outlined in section 3.3.
successful use of the rathe in forming the specimens
ensured that dimensional tolerances \^¡ere within close
rimits. Analysis of the specimen dimensions as measured
by calipers gave the folrowing resur-ts - average
variation of specimen diameter arong its lenth vras

0'llt, while the average variation in specimen length

The process used in merk i¡r.¡ test specimens f or

Refer to Thompson

was 0.14t.

approximately L/L1oo. This is welr within the standards
for sample dlmensions set by CRREL (19g4).

4.3

That is, specimen dimensions varied by

The lce
procedures outlined

TESTS

The

speclmens,

in Section
51

formed accordlng to the

3.3, were first tested in



lsotroplc compresslon

compresslon tests was

KJartansonrs ice.
presented be1ow.

4.3.1

rn order to determine the initiar elastic
compression of the ice specimen it was necessary to

. The purpose of the isotropfc
to determine the bulk modulus of

The results of these tests are

account for
1 iquid in the i nner cer1, the compress ion of any
entrapped air, and the expansion of the eguipment. The

volumetric change of the anti-freeze system r,.:,S

subtracted from the total measured vorume change,
leaving the volumetric compression of the ice. Figure
4.1 shows the calibration curves of the volume measuringf
system. Above 20.7 Mpa the curves had an average slope
of 0.000492/Mpa.

the compressibility of the anti-freeze

4.3.2

À total of 6 single stage isotropic
comBression tests was performed for the present study.
Test pressures varled from 1.0 to 2.5 Mpa.

isotropic compress i on test program is su¡n¡nar i zed in
Table 4 .1.

4.2 to 4.7 . The results are presented in terms of
volumetric strain, ignoring the initial elastic strain.
That is, the first reading after the apprication of the
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Individual tests are summarized in Figures

The



ce11 pressure is treated as the zero point. The reason
for this is dlscussed in section 4.2.3. rnitial
measured elastic compression for each test is shown in
Table 4 .2.

tests are sunmarized in Figure 4.g. vorumetric strain
rate data for each test are presented in Figures 4.g to
4. L4 for strain rates less than 0.01 %/hx, and is
su¡nmarized for all isotropic compression tests in Fiqure

The results of all isotropic compression

i.sotropic compression tests were terminated when the
strain rate had slowed to 1.5 x 10-ãhr-r.

'.1¡-e temperature during a1r tests râ¡as constant
at -2 . 0oc t0.1oc. Frgure 4 .16 shows the temperaure
during a typical test (Test T6IC). The pressure was

also maintained constant during each test. Flgure 4.17
shows the pressure during a typical test (Test rsrc).

rn an effort to determine more accurately the
initial erastic deformation that the ice specimen
underwent as it was compressed volumetricarly, several
quick-step isotropic compression tests were performed.
À quick-step test rrras set up in the same manner as a

regular isotropic compression test. However, instead of
apprying the isotropic pressure for that test in one

step and then measurlng the vorume change, the isotropic
pressure was applled ln four or flve steps. and the
volume change measured after each incremental pressure

'.¡as applied. It took approximately 15 seconds to apply
63
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the lncrementar lsotroplc pressure and measure the
volume change for each step. Therefore each quick-step
test took approximatery 7s seconds to complete. The

maln advantage of the qulck-step Ísotropic compresslon
test was that it etiminated the effects of any entrapped
air in the system since the air would become entrained
after a pressure of x 0.2 Mpa r'/as reached (Head, 19g5).
rndividual quick-step tests are illustrated in Figures
4.18 to 4.22. QSICI and QSIC2 were performed on

specimens T7 and T?À respectively, while QSIC3, eSIC4,
and Qsrcs were the initiar and repeat tests on the same

specimen ( specirnen T9 ) . F.i.ur:re 4.23 sunmarizes arI
quick-step isotropic compression tests. The quick-step
tests vrere used to determine the erastic bulk modulus.

4.3.3

The compriance calibration curves of the
volume measuring device \./ere applied to the vorume

changes measured at the instant of isotropic loading 1n

order to calculate the erastic compression of the ice.
The erastlc compresslon of the specimens exhibited a

rarge degree of varrabrlity, as Tabre 4.2 shows. rt is
postulated that varying amounts of trapped air caused

the variation in measured initiar erastlc vorume strain
among tests. Note that 1 cc of air will cause an

increase in apparent strain of 0.2st. Ànother possibre
cause of the variation in initial measured volume strain
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may be the pores in the ice structure. Arthough pores
at the specimen surface were fi1led with drops of water,
(to prevent the puncture of the protective membrane

during pressure application )

revealed that the membrane had occasionarly been forced
into pores in the ice. This would cause the fluid leve1
in the burette to drop. This apparent vorume change

should not properly be included in the calculation of
burk modulus. Therefore an estimate of elastic bulk
modurus based on the initial measured vorumetric change

in singre stage tests may be incorrect. rt was for this
reason that the quick-step isotropic comprel:si.un tests
htere perf ormed.

It is worth noting in Figure 4.9 the apparent
similarity of the vorumetric creep curves. rn general,
the higher the isotropic stress, the faster the srope of

post-test inspection

the strain-time curve decreased.

terminated when Lhe vorumetric strain rate \{as

approxlmatery 1.5 x 10-ã hr-'. Table 4.r gives the
length of each test (i.e. the time required to reach a

volumetric strain rate of 1.5 x 1o-5 hr-a). and Figure
4.24 illustrates how the length of each test decreased

as mean stress increased.

decrease in final strain as consolidation pressure
lncreased,

modulus versus tlme curve had become asymptotlc by the
time each isotropic compression test was terminated.
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The tests were

Às shown ln Chapter 5, the effectlve bulk

Figure 4.25 shows the



As shown in Flgure 4.8, the creep curve of
T9rc varies srightly from the other creep curves. Three

successive quick-step isotropic compress ion tests
(cycled tests) were performed on specimen T9 before the

single stage isotropic compression test load \^/as applied
to the specimen. The reasons for the difference in
behaviour are discussed in Section 6.2.

The quick-step isotropic compression tests
experienced the same probrem with apparent vorumetric
changes during the initiar loading steps as did the

single step tests. However, it is postulated that after
the :econd step (1.0 Mpa) was reachedr ðny trapped air
bubbles went into solution (Head, L9g6)r and that any

pores susceptible to membrane encroachment r+ou1d have

been entered. This hypothesis appears to be correct
since the slope of the curve is constant above 1.0 Moa.

See Figure 4.16.

4.4 RESULTS OF CONSTÀNT MEAN STRESS SHEAR TESTS

compresslon tests rrrere performed in the present study to
determine the effective shear modulus and the effectlve
strain ratio of Kjartansonrs ice. This type of test has

been successfully used by Domaschuk (1959), ci11 (1969),

and Liu (19?0) to evaluate the static shear modulus of

Constant mean

unfrozen soil.
to determine the burk modurus and shear modulus of
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Rahman (1989) used this test technioue

stress triaxial



frozen soi 1 .

stresses of 1.0, 1.5, 2.0, and 2.5 Mpa were used. The

deviator stress (the difference betr+een

confining stresses) was always 0.g Mpa for the single
step tests. one murti-step test was performed at a mean

normal stress of z.s Mpa, with the deviator stress
increasing in steps.

4.4.I SinqLe Staqe Test Results

For the present study, mean normal_

A totar of 6 constant mean stress shear tests
was performed for the present study, alr with a deviator
stress of 0.8

presented i.n Figures i"26 to 4.31 in terms of axial,
r.tüi.ì1ç '1ird ÈhÈat ¡traiti, Furnrnar 1es of all testg ln
terms of axia1, radial, and shear strain are presented
in Figures 4.32t 4.33, and 4.34 respectively. Àxia1
strain rates are protted in Figures 4.35 to 4,40 against
time, and in Figures 4.4r Lo 4.46 against axial strain.
Figure 4.47 su¡nmarizes the plots of axial strain raEe

against axial strain. critical information for each

Mpa. The resuLts of these tests are

axial and

test is presented in Tabte 4.4.
vorumetric strain during shear are presented in Appendix
A.

4.4.2 Multiple Staqe Test Results

one multi-step constant mean stress shear

was performed for the present study. The test
performed on specimen T9 and flve steps were used.
deviator stress on the sampre was increased from 0.
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Plots of specimen

test

was

The
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L-2 to 1.6 to 2.0 to 2.4 Mpa. As an indlcatlon of
specimen behaviour under the increasing 1oads. the
specimen took 62.5,4.4, 1.3r 0.39, and 0.Zg hours to
reach 2\ axial strain for steps one to five
respectively. The results for TgMs are shown in Figure
4.48 in terms of axial, radial, and shear strain versus
time. The results of each step are illustrated in
Figures 4.49 to 4.53 in terms of axia1, radial, and

shear strain versus time. Flgure 4.s4 illustrates the
axial strain rates for alr five steps, while Figures
4.55 to 4.59 shor¿¡ the axial strain rates f or each step
individually.

4.4.3 Dlscussion of Results of constant Mean stress
Shear Tests

Flgure 4.32 shows some variation in the
strain-time curves of the shear. tests. The deviator
stress was the same for each test ( 0. B Mpa ) , but mean

stress and specimen density varied from test to test.
Four of the tests (T4S, T5S, T7S, and TgS ) exhibit
similar strain-tlme curves, while two tests (Tss and

T9s) have less steep straln-tlme curves than the other
four - The axial strain rate versus axiar strain curves
(Flgures 4.4I to 4.46) show in general that the minlmum

strain rate occurs at approximately lt axial strain, and

is x 0-03 %/hr.. The decrease in axial strain rate whlch

occurred in most samples at x 5t axiar strain was due to
58



the Íncrease in average radius of the ice specimen and
the resultant decrease in effective stress on the
specimen cross section.

gtith regards to the multi_step test, it is
interesting to note the non-linear increase in strain
rate as deviator stress increases, as indicated in
Figure 4.54. À second interesting feature of the multi-
step test is the slow response to an increase in
deviator stress exhibited by the specimen during the
fourth and fifth steps of the test. This is illustrated
in Figures 4.58 and 4.59. rn the first three steps
( Flgures 4 .55 to 4 .s7 ) , the specimen exhibited an

immediate elastic response to an increase in deviator
stress. This response vras derayed in the finar two
steps .

Temperature and

good during all shear tests
4.L7 for an illustration
variatlon with tlme.

4.5

In any test program it is important to
establish that the tests are repeatabre. Repeatability
helps to prove that the test results are sound and that
any concluslons drawn from those results are valrd.
Post-test lnspectlon of speclmens ls lmportant to
determine the mode of failure
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pressure control were very

. Refer to Figures 4.16 and

of temperature and pressure



4.5.1 Test Repeatabilttv

Repeat tests vrere performed for the isotropic
consolidation tests and for the shear tests. Tests Tzrc
and TSrc were both conducted at z-o Mpa, and are both
illustrated in Figure 4.9. rt may be seen that the
strain paths for the tests are very similar, at no time
di ffer ing by more than O . l% volumetr ic stra in.

Two constant mean normar stress shear tescs
(T7s and T9s) were run at the same mean stress of 2.5
Mpa ( see Flgurc i .32). Specimen T9S was much more

compressible than specimen Tzs, and showed more

compressibility than the oÈher tests. The apparent
anomaly of Test Tgs may not be unusual, however, if one

consÍders the results of other reseaÉchers.

example, MeIlor and CoIe ( 1992 ) conducted unconfined

compression tests on fine-grained isotropic ice at -5oc
using both constant load and constant strain rate
techniques . For two constant road tests ( 96ct and

117cL) conducted at the same deviator stress of 0.g Mpa

(as in the present study), the tlme to reach mlnlmum

axial strain rate was recorded. The minimum axial
strain rate is usually reached at x lt strain (He11or

and cole, 1983). For 96ct and ll?cI. the minimum strain
rate rdas reached at 19 and zg hours at axial strains of
1.01t and 1.02t respectively. For T7s and T9s lt axial
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strain was reached at 16 and 22 hours respectively. on

the basis of these observations the repeat tests in the
present study showed greater similarity than those of
Mel1or and Cole (1982).

It may be concluded then that the specimens

produced for the present study were reasonabry

reproducible, based on the measurement of specimen

density and dimensionar variations. rt may also be

concluded that both the isotropic compression and the

constant mean stress shear tests vrere repeatable, on the

basis of the strain-time data.

4.5.2 Post-Test Inspection of Soeeimens

Àfter each test wes completed, the triaxial
ce11 \¿/as dlsassembled and the specimens were examined.

rn quar itative terms, the s ingle stage specimens ',rere
usually slightly clearer after the test was compreted

than before it began. Larger bubbles were generarly not
evldent - A slight barrelling of the speclmen was

sometimes observed. The surface of the specimen was

generally sllghtry nuggetty, except that the surface of
speclmen T9, whlch underwent the murtl-step shear test,
was very nuggetty. plates 4.L and 4.2 show a typical
slngre-step specimen upon completion of the shear test.
( Speclmen T4 ) .

7T



Table 4 .1

Summary of Isotroplc Compression Test Results

Test

T1I C

T2 IC

T4I C

T5T C

T6I C

T9IC

Pressure
(Mpa)

2.5

2.0

1.0

l_. 5

2.0

Volumetric
Creep Strain
at End of Testa(tl

0.67

0. BL

0.91

0.65

0.81

0.80

1

2

i . e. when

i . e. time
above

Length
of Test2
(hr)

154

273

3L2

L78

236

140

volumetric strain
required to reach

rate reached 1.5 x 10-3 hr-r
volumetric strain rate noted



Test

TlIC

T2TC

T4IC

T5T C

TSIC

T9I C

Summary

Elast ic

Pressure
(Mpa)

¿.)
)^

1.0

2.0

2.5

TABLE 4.2

of Initial Measured

Volumetric Strain

Initial Elastic Strain(t)

0.45

0.30

0.46

1.35

L.L7

'l 't?



Soec imen
r\-J_

K-2

K-3

T1

T2

T3

T3À

T3B

T4

T5

T5

T5À

T5C

T7

T?À

T8

T9

TÀBLE 4.3

Surnmary of Test Specimen Densities

Dens i tv ( q,/cm3 I
0.902

0.896

0.900

0.9L2

0.909

0.895

0.893

ô r'ìll'V . J Vv

0.915

0.91_5

0.907

0.908

0.906

0.909

0.9 09

0.907

0.906

Àverage density = 0.906 g/cm3-

Sample Standard deviation = 0.007 g/cm"

Average porosity = L.Z t



TABLE 4.4

Summary of Constant Mean Stress

Deviator Stress = 0.9 Mpa

Tes t

T9S

T7S

T6S

T5S

T4S

TSUC

Mean Length
Stress of Test
(Moa ) (hr I

2.5

2.5

2.0

1.5

1.0

2r2

187

115

253

163

189

Shear Test Results

For All Tests

Strains at End of Test (t)
Àxia1 Radial

6.70

7 .82

5 .22

8.50

3.30

4.19

J.J¿

3.78

2.43

4.24

Shear

o. Þo

B .47

6.70

7 .7 4

4.93

8.49



Plate 4.t specimen T1 after conpletion of shear test



Plate 4.2 Specimen T4 alter conpletion of shear i est
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5.1 INTRODUCTION

The data obtained from the laboratory test
program in the form of volumetric and axial deformation,
temperature, and pressure were used to determine the
bulk modulus, shear modulus, and poissonrs ratio of
K jartansonrs ice. The theory of these moduri values i.s

not complex and can be found in any introductory revel
text on the mechanics of materials. All theoretical_
cons iderati ons for the present study are reviewed in
chapter Two. This chapter presents the results of the
analysis of the rest data. The isotropic compression

test results, used to determine burk modulus, are
presented separately from the constant mean normal

stress shear test results, which were used to determine

shear modulu= and Poissonts ratio.

Ànalysis of Test ResuLuts

CH.àPTER FI\E

5.2 ÀNÀLYSIS OF ISOTROPIC COMPRESSION TEST RESULTS

the ice specimens for two reasons.

important, the effective bulk modulus was determined

from the volumetrie strain of the specimen. secondly,
all vorumetric deformation due to hydrostatic stress had

to be complete before the constant mean stress shear

test was begun. single step isotropic compression tests
l.37

Isotropie compression tests were performed on

First and most



were conducted at pressures of I.0, L.5,2.0, and 2.5
Mpa. Quick-step isotropic compression tests were arso
performed in order to determine the elastic burk
modulus.

5.2.I Elastic BuIk Modulus

Due to certain difficulties in determining the
initiar vorume change in the single step testsr euick-
ql-ên ì <nfr^^'JLç11 rÞrJL!u¡.r1C compression tests were performed to
determine the erastic bulk modulus of the ice. Figure
4.23 summar izes the quick-step tests. Às discussed in
section 4.2-3, the linear portion of the curves Ís
thought to represent the true elastic behaviour of the
ice. The slope of the linear portion of each curve was

determined using regression analysis. The inverse of
this slope is the elastic bulk modulus, and is
summar i zed in
found to be 1.

Gpa. Figure 5

of each test.

calculate the initiar compression, and the creep strain
was added, yielding the totar vorumetric strain.

TabIe 5.1. The average val_ue of K was

02 Gpa, with a standard deviation of 0.11
.1 illustrates the total volumetric strain

The elastic bulk modulus was used to

5.2.2 Effective BuIk Modulus

The effective bulk modulus of each ice
specimen vras determined from its single step isotropic
compression test. plots of effective burk modurus

138



against time are shown in Figures 5.2 to 5.7. Effective
bulk modulus, Ke, is calculated using equation Z.I.
Note that Ev in eqn. 2.7 refers to the total volumetric
strain, so Ke is akin to the secant modurus, except that
the stress does not change. Àlso note that the initial
value of Ke is equivarent to the elastic burk modurus.
The elastic bulk modurus vras determined from the guick_
step tests and \'ras used as the starting poÍnt f or the Ke
curves ' That is, the initial elastic compression was
calcurated using a bulk modulus of L.02 Gpa, and the
creep volume strain for each test added to it to
determine the total volumetric strain. The need for
this approach arose from difficurties in determining
initial erastic compression in the si¡r'ì.o stage tescs.
see sections 4.2.3 and 5-z-r for a further discussion of
initial elastic compression. Table 5.2 is a summary of
the e f f ecti.¡e bulk modulus data , íncluding the
asymptotic varue of Ke. Figure 5. g shows a summary of
the plots of Ke for the purpose of comparison.
Equations were fitted to the curves of Ke versus time in
Figures 5'z to s.7, and are incruded for reference on
the Flgures themselves.

5.2.3

Stra i n

One method of analyzing
volumetric creep deformation is

139
v¡¡

the effect of density
to examine the amount



of tlme reguired to attain a

leveL for different specimens.

illustrated in Figures 5.9 to 5.11. for strains of 0.6%,
0 ' 758, and 0. B5t respectivery. The figures illustrate
that in generar the higher density specimens take a
10nger time to reach a given volumetric creep strain.
The effect is more pronounced at higher strain levers.
Figure 5.12 shows the time taken to reach a volumetric
strain of 0.25% as a function of test pressure. The
figure shows that the time reguired to reach Ev = 0.751
is not dependent on test pressure. Tgrc is not incLuded
in this anarysis because of itrs unique stress history.
see section 6 -z for a further discussion of how specimen
sfress history affects test results.

certain volumetric strain
This approach is

Constant mean normal stress tr iaxial tests
were performed on the ice specimens after they had be.en
i s otr op i ca 1 ly compress ed .

performed at mean stresses of 2.5r 2.5r 2.0, 1.5, and
1 ' 0 Mpa, with one unconfined compression test. The
deviator stress was kept constant at 0. B Mpa for all
tests' The multi-step test had five steps, with a mean
normal stress of 2.5 Mpa, and deviator stresses of 0.80,
r'20' 1'60, z'0, and z-4 Mpa. constant mean stress shear
tests were performed in order to determine the effective
shear modurus and the effective strain ratio of the ice.140

Six shear tests were



5.3.1 Shear Modulus

Às discussed in section 2.3, some distinction
must be made between eLastic shear modulus, .G, and
effective shear modulus, Ge. The elastic shear modurus
represents the behaviour of the ice at the instant of
loading, while the effective shear modulus function
represents the shear behaviour of the ice as it changes
with time - These properties are discussed separately
here.

5.3.1.1 Elastic Shear Modulus

The erastic shear modulus is a measure of the
shear properties of a materiar and is determined at the
instant of loading. The present anarysis used equation
2'3 to determine c for the test specimens. Table 5.3
lists the var-ues of G determined for each of the six
shear tests performed. These values are the initiat
values for the Ge curves.
specimen density and erastic shear modurus is
illustrated in Figure 5.21.

ç?1')¿.¿.1.L

Equation 2.3 was used to determine the
effectlve shear modurus. The values of e1 and e3 used
rcf'lo¡* |-Ì^^ J!çÀrç!-L Lre cotal strain, and not incremental values.
The effective shear modulus is therefore akin to theI tal4l

Effective Shear Modulus

The relationship between



secant modulus, except that the deviator stress does not
change ' Ge is pl0tted against axial strain for all
shear tests in Figures 5.13 to 5.18. A summary of these
figures is presented in Figure 5.r-9. Figure 5.20 shows
effective shear modurus plotted against time for arr six
shear tests' Note the near perfect repetition of curves
in Figures 5. r-g and 5.20. Table 5.4 shows the value of
Ge at 5B axial strain for each test. Note that Ge is
equal to ' 005 Gpa f or all tests at 5eo axial strain.
Equations for Ge against time and Ge against axial
strain were calculated and are incruded on the summary
Figures themselves (Figures 5.19 and 5.20 ) . The fit is
good for the Ge-time curves, and is very good for the
Ge-axial strain curves.

q?)

As with shear modulus, strain ratio varies
depending on whether the erastic or plastic deformation
is being considered. Elastic strains are considered to
dominate at the instant of roading, while prastic
straining is the dominant mechanism under constant road
as time progresses. The term poissonrs ratio is used to
rofor +.^ rL^¡ç¡E! LU f,ne strain ratio (as determined by equation
2.5) for elastic behaviour and the term strain ratio is
used for plastic behaviour.

Strain Ratio

1Aa



5. 3.2.1 poisson,s Ratio

Table 5.3 lists the values of poissonrs ratio
calcur-ated for each shear test in the present study.
These values r¿¡ere calculated by taking the average of
the first three readings, taken within approxi.mately 10
seconds of the application of axial 10ad. Note that in
general poissonrs ratio decreases with increasing mean
stress but the change is not large . Figure 5.22 shows
the variation of U with confining stress
pressure, às opposed to mean suress).

5.3.2.2 Strain Ratio

The effective strain ratio, He, is plotted
against axial strain in Ficrures 5.23 to 5.ZB f or each of
the six shear tests. These curves are sunmarized in
Figure 5-29 for comparison. plotting ue against axial
strain gives a better picture of specimen behaviour in
the early stages of the test than when time is used as
the independent variabre. The asymptotic values of ue
are listed in Table 5.4.
ratio, Jri, is plotted against axial strain in Figures
5.30 to 5.35 for each of the six shear tests ( see
section 2.4 -L for a description of the difference
between l'¿e and pi ). The pl0ts of ).re and ui are quite
s1mllar, except Lhat u1 seems to vary 1n a systematic
way before 1rb axial strain is reached. Flgures 5.30 to
5 ' 35 show that ui dt-p.1 slightly af ter the application ofI43

(i.e. cell

The instantaneous strain



the deviator stress, and then rises again.
cases, this pattern is repeated a second time. Note
that the change in strain ratio is rerativery smarr_
(t.04).

versus time and re versus axiar. strain. The average of
the best-fit eguations for Ue versus axial- strain and ue
versus time are listed on Figure 5.29.

Best-fit equations h/ere carcurated for ue

provide a poor fit. For the purposes of modelling ice
behaviour, a more accurate approach wourd be to assume

Ëe = 0'5 after 25 hours or l % axiar- strain. Before 25

hours or 1% axiar strain, it wourd be best to use the
experimental data from the present study as a basis for
determining ¡.re.

5.3.3 Multi-Step Test

À multi-step constant mean normar stress shear
test wàs performed on specimen T9. The resur-ts of the
test are shown in Figures 5.36 to b.3g. Figure 5.36
shows Ge against time, and 5.3i shows Ge against axiar.
strain. ue is pl0tted against time and axial strain in
Figures 5.38 and 5.39 respectively. Tab1e 5.5
sunmarizes the elastic and effective var_ues of shear
modulus and poissonrs ratio. The deviator stress was

appried instantaneously for the all five sEeps¡ ãs in
all single step tests.

In some

The equåtions

Figures 5.37 and 5.39, both
axial- strain are more comprehensible

L44

plotted against

than the figures



which are pl0tted against time because the specimen
deformed very quickly at the higher deviator stresses.
Figure s.37 indicates that the shear modulus behaviour
of the individuar steps of the multi-step test is
s imi lar to that of the s ingle_step shear tests . The
main difference between the curves is that Ge tends to
be larger in the beginning of each step than in the
beginning of the single stage tests. ce in the multÍ_
step tests soon decreases in a similar manner to the
s ingle stage tests .

strain ratio in the multi-step tests is simirar to that
of the single step tests as we11. Again, the most
significant differences occur in the beginning of the
individuar steps of the multi-step test. Às shc...-:. in
Figure 5.39, U (poisson,s ratio) is quite 1arge (> 0.5)
for steps two and three. The results of the multi-step
test are discussed further in Section 5.5.

The behaviour of the effective
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6.1 INTRODUCTION

In this chapter the results of the presenr
study are discussed and compared to the work of previous
authors on isotropic ice. Burk modurus, shear modurrq

CHÀPTER SIX

DISCUSSION OF TEST RESULTS

and Poissonts ratio are discussed separately.
multi-step shear test, designed to investigate shear
modulus and poisson's ratio as the deviator stress
changed, is discussed last.

o.z

The elastic burk modurus and effective burk
modulus of Kjartansonrs ice are discussed separately
here. The efastic burk modurus K is a measure of the
instantaneous bulk compressibility of the ice. K for
K jartansonrs ice r¡/as f ound to be rower than that f or

BULK MODULUS

pure ice with no air bubbles.

rnodulus Ke is a functional measure of how the bulk
compressibility of the ice changes with ti.me. Ke wäs

found to decrease by less than an order of magnitude
from the initiar erastic varue as the tests progressed.

mL^I rlc

o,l.t_

The present study
bulk modulus of Kjartansonr

190

The effective bulk

determined that the elastic
s ice at -ZaC was L.OZ Gpa.



This is roughly an order of magnitude l0wer than the
perfectly elastic burk modulus of 10.3 Gpa for pure
polycrystalline ice at -100c discussed in chapter 2 (see
section 2.2-r) and determined by static methods. There
are two principal reasons for the discrepancy in values.
The average density of Kjartansonrs ice was 0.90 6 g./cm=,
which is Iower than the maximum density of ice (0.91?
g/cm3 ) . The àverage poros ity of the ice was L. Zeo. Some
of the measured vorume strain in the sampres was clue to
the coì-lapse or compression of the air bubbres in the
ice' Most recent work on polycrystalline ice has been
performed on pure ice with few if any bubbles. Direct
comparisons are therefore difficult to maker €specially
considering the lack of volumetric data (see Section
2'2) ' Another reason for the 10w value of K obtained by
this study may be the finite period of Ioading. Dynamic
testing techniques have l0ading periods of less than one
second' The quick-step tests performed here had l0ading
periods of:60 seconds, the minimum time required to
obtain four readings of the volume change burette. It
is probable that some volumetric creep occured in this
short time, both recoverable and non-recoverable. rf
creep did occur during the guick_step tests as
postulated, then only part of the measured volumetric
deformation would have been elastic, and the calcurated
bulk modulus would be too low. Àn automatic volume
change neasurement device would have aided in the191



cletermination of erastic bulk modulus as it would have
allowed faster tests.

Three quick_step tests (OSIC3, eSIC4, eSIC5)
were performed in succession on the same specimen , Tg.
Table 5.1 indicates that K inc¡eased srightly after the
Êirst and second tests on the specimen. This increase
i n sti f fnes= may have been due to the presence of
plastic volumetric strain, or viscous recoverable
strain. The sample was arrowed to sit for 10 minutes
after each testr äD amount of time deemed great enough
to al1ow recovery of any purely elastic strain. This,
howeverr hây not have been enough time to recover ar1
viscous recoverable strain ( Sinha, 19BBa ) . Therefore,
based on the s1ight increase in burk modu.r,.1s with
repeated testing on the same specimen, it seems evident
that some permanent deformation occured in the ice even
during the relatively short roading period of 50
seconds.

Figure 4.23 shows a s1Íght stiffening of the
ice specimens as hydrostatic pressuïe increases. This
stiffening may have been due to creep during the toading
period. The variation in the s10pe of the strain curve
was not great in the study pressure range and therefore
a single value of K, the average sl0pe through the study
pressrlre r-1nge¿ was used as ä measure of erastlc bulk
rnodulus.

L>Z



6.2.2 Effective BuIk Modulus

As stated in Section 2.2.I, the effective bulk
modui'us Ke for a single stage test is equal to the
applied pressure divided by the total volume strain.
since it includes creep strain, Ke may be expected to be
lower than the elastic bulk modurus and to decrease with
tine' These expectations are borne out in Figure 5.8.
Note that the first value of Ke is equal to K.

!'7hi1e there is no published data Lo compare
the effective bulk modulus results to, a number of
observations can be made on the apparent effect of the
controlling variables cliscussed in Section Z,Z. Às
shown in Tabl e 5 .2, and in Figure 5 . B. the effect ive
bulk modulus increases with rr jncrease in hydrostatÍc
stress' rn other words¡ Volumetric creep strain does noc
increase in direct proportion to applied hydrostatÍc
ST-fÞqc

dependent on the synthetic nature of Figure 5.8. That
is' the elastic bulk modulus \,,as calculated from a
separate series of tests and was used to calculate the

Note that this observation i s somewhat

initial elastÍc strain.
strains were then added to that initiar value and the
sum was used to calculate Ke. Figure 5.8 illustrates
the dependency of effective bulk modulus
on time. This is in agreement with the
( 198B ) on frozen soil.

Measured creep volumetric

The test temperature for the present study was193

on stress and

work of Rahman



maintained at -2-ooe 10:r-oc. Therefore the effect of
temperature on effective bulk modulus cannot be
determined from this study. Às mentioned in section
2 '2 '3, pressure melting should not have an effect on
effective bulk modulus. The appearance of water in the
ice lattice due to pressure melting shour-d not read to
an increase in compress ibi 1 ity s ince water has
approximate Iy the same bulk modulus as i ce ( Me 1 1 or,
1984 ) ' No pressure melting effect on burk modur.us was
seen dur i ng the present study.
present, it may have been masked by density effects.

The dependency of vorumetric creÈp strain on
dens ity has been i llustrated in Figures 5 . g to 5 .11 .

The asymptotic value of Ke, however, does not seem to be
dependent on initial sample density, as outrined in
Table 5.2. rnstead, Table 5.2 shows that Ke is rinearlv
dependent on bulk stress.
elastic bulk modulus is dependent on density.
Figure 2 .3 .

conclusion to that of the present study for two reasons.
First, Mellor is discussing the elastic modulus, whire
the present study deals with effective modulus.
secondly, the present study dears with a much narrower

If the effect was

It would be incorrect to compare his

range of density than does Me11or.
densfty does have a notrceable effect on the vor_umetrÍc
creep strain (see section 5.2.3), it does not appear to
have a marked effect on Ke in the density range of thÍsL94

Mellor ( 1979 ) shows that

See

n{hi1e specimen
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In comparing the effective bulk modulus curve
of specimen T9 to that of rL, several observations can
be made' Both tests were carried out at 2.5 Mpa, but
Figure 5.8 shows that the values of Ke for Tg ârÉ
consistently lower than those of T1, indicating a more
compressible sample. Ifhile the initial density of Tg
( 0.90 6 q/cm= ) was Iower than that of T1 ( 0.91 Z g/cm3 ) ,the author does not believe that ciensity effects are
solely responsible for the difference in the Ke curves.
rt is postulated that the particular stress history of
T9 is the reason for itfs Low effective bulk modulus.
Three successive guick-step isotropic compression tescs
\ñ/ere performecì on Tg before the single stage test wai¡
started' Each quick-step test lasted for 50 seconds,
and reached a maximum bulk stress of 2.2 Mpa. It r+ouId
seem that cyclic bulk stress roadings of the ice cause a
"softening" of the materiar. All single stage tesrs
other than T9 had identical stress histories (except of
course for the bulk stress Ievel ), with the isotropic
load applied over approximately 30 seconds.

6.3 SHEÀR MODULUS

The elastic shear modulus of Kjartansonrs ice\ras found to be approximately one order of magnitude
10wer than that of pure ice as determined by dynamic
methods. The effective shear modulus of the ice195



decreased by more than one order of magnÍtude from the
elastic vaLue during the shearing process. The shear
modulus of the ice is discussed in this section, as
we I 1 as the e ffect of control 1 ing var iables on the
shear modulus.

Às listed in Table 5.3, the values of c for
Kjartansonrs ice are from 10 to 20 times 10wer than the
elastic shear modulus of 3.5 Gpa interpreted from
dynamic and static test results. This value of 3.5 Gpa
is obtained using equation 2.4, with a youngrs modulus
of 9.3 Gpa, and a poisson,s ratio of 0.35. MelIor
( 1983 ) states that f or poì-ycrys1.:11ine ice of row
porosity (i.e. density very close to 0.917 l1g/^=) in the
temperature range -5oc to _1Ooc, young,s modulus has
been found to be in the range 9.0 to 9.5 Gpa. However,
Kjartanson,s ice did have significant porosity (I.ZZ),
and the test temperature for the present study was -20c,
therefore it may not be appropriate to directly compare
the shear modulus data from the present study to that
derived from Me11or. Note that Mel1or also states that
temperature does not have a large effect on youngrs
modulus.

Closer inspect 1

the value of G increases
seems unusual since it

195

on of Table 5.3 indicates that
as mean stress decreases. This

implies that shearing increases



as confining stress increases for a constant axial
stress. In other words, it implies that shear stiffness
is reduced by confining pressure. This problem can be
explained as fo110ws. The values of elastic shear
modulus are based on the first volumetric reading taken
after the apprication of deviator stress.
stress increased from test to test, the corresponding
axial strain at the time of the first reading increased.
Thus the initial reading was further along the Ge-axiar.
st¡ain curve as mean stress increased (see Figure 5.19).
But why was it further al0ng the curve given that
i nit ial read ings were all taken at approximately 3

seconds after load application? The answer is that the
speeimens tested at 10w mean stress had higher densities
than those tested at high mean stress¡ ås Tables 4.3 and
5.3 indicate. Because specimens T4 and T5 had high
densities (0.915 l4g/mj), they experienced less
deformation upon application of r.oad than did the other
specimens' Me110r (1gg3) cites experimentar- data from a
number of authors that show the stiffness of freshwater
ice (as represented by youngrs Modulus) to decrease with
a decrease in density. rt rnay be concluded that the
elastic shear modulus is dependent on specimen densiry,
as Figure 5.zr indicates. Note that for a density of
0 ' 917 g/em3 pigure s.zr indicates that c wourd be z 0.3
u lJcl .

]-97

Às mean



The effective shear modulus decreased from the
elastic value by approximately thirty times when the
specimen had reached 5% axial strain.
illustrates this decrease for all six constant mean
sEress shear tests. Note that the curves are almost
exactly alike. This is not surprising if the effective
shear modulus is analyzed in the following manner:

Ge = a / 3 es ,.
es - 2 (e1 _ ¿r) / 3 (5.2)
Ev = El + Z Er (strains positive in compression)
^7v! t

Combining these yields,
Ge=o/ (3et-Ev) te.ql
During the shear test program, ev was on the
average only 5% of 81. Therefore, it may be

neglected from equation 6.4, yielding,
Ge = o / 3 e1 (6.5)

Equation 5'5 is a good approximation to the effective
shear modulus only if the sample is experiencing litt1e
vorume change. This would be reflected by an effectrve
strain ratio of x 0.5, such as is shown in Figure 5.2g
for the present study. For a deviator stress of 0. g

Mpa' and an axla1 straln of 5%, equation 6.5 yle1ds an
effectlve shear modulus of .005 Gpa. exactly equal to
the values determined for the present study (see TabIe198

Er = (Êv - eI) / 2

Figure 5 .19

(þ.Jj



s.4)

Mean sLress did not seem to have an effect on

effective shear modulus ¿ ërs i llustrated in Figures 5 .19

and 5.20. Às we11, specimen density did not seem ro
have a significant effect on Ge. This is arso shown in
Figures 5.19 and 5.20. l'rote however that the ice tested
in the present study had a fairly narrow range of
dens i ty.

Ã A Þ^1ec^rrrr(--.---^' S RATfO

As discussed in section 2, the term poisson,s
ratio, or H, is used to refer the ratio of the rateral
to axiar strain for the case of elastic deformation. rf
pJ-astic deformation is involved, then ¡he term strain
ratio is used. poissonrs ratio and strain ratio were
determined from the constant mean stress shear tescs.
In the present study, poissonrs ratio was found to varv.
depending on the mean stress.
found to approach 0.5 as each test progressed,
indicating ductile flow with no volume chanse.

u.:.I

Tabre 5.3 shows the variation of u with mean

stress. This variation is iltustrated in Figure 5.22.
It may be seen that the specimens with a rower confining
stress had a higher poissonfs ratio. rt is postulated
that specimens T4, T5, and TB experienced dilation due

199

The strain ratio hras



to cracking, as indicated by a value of u greater than
0 ' 5. sinha ( r985b) notes that p > 0.5 is indicative of
microcracking, or diration. sinha (19BBa) arso sLates,

Microcracks, comparable in size to a grainfacet, seem to occur under a constant_loadcreep condition where stress exceeds a criticalvalue (> 10-ã E, where E is youngrs modufusi

F.or i ¿-e 1n-5E¿Ée, rV !

study was 0.8 Mpa. Note that sinha does not address the
effect cf confining stress on microcracking. poissonrs
ratio for:;pecimens T5, Ti, and T9 was not greater than
0.5, suggest-ing that any dilation was suppressed by the
larger confining stresses which Lhey were subject to.

Às related in section z-4, the purely elastic
value of p is z 0.35, as determined by dynamic testinq
techniques. l{hy then, did Kjartansonrs ice not have

)'l=0.35? The deviator stress of 0.80 Mpa was appr_ied
almost instantaneously, so it may be assumed that no

plastic deformation occurred during the loading process.
However, this assumption cannot be made for even the
earliest voLumetric reading, which took prace on the
average 3 seconds after load apprication. Microcracking
causing dilation may have occurred even in that short
ncrin¡l ¡F +-;*¡/L! ¿vu (rL Lrrue. Sinha ( 1985a ), in loading rectangular
blocks of columnar sea ice at -10oc at a strain rate of

.095 Mpa. The stress for the present

10-rs-a reports a

seconds. The ice was l0aded parallel to the direction
of growth of the columnar qrains.

200

value of lr of :1.0 after three

It is probable that



in the extremely short loading times of dynamic tests,
dilation does not occur, although the author is noc
f amiliar with ciynamic testing techniques. It is arso
possible that cracking occurred in the specimens at
higher mean stresses (T5, TTrand T9 ), and that the
confining pressure reduced it to the extent that u
remained be10w 0.5. post-test examination of sinqle
stage shear test specimens revealed no visible cracking,
suggesting that the confining pressure healed any cracks
f ormed Cur i ng I oad ing .

confirmed by the behaviour of specimen Tg, which was
l0aded with no confining pressure. Figure 5.27 shows
that )-re remained above 0.5 untir the axial strain was
x2%' when it gradually approached the condition of no
volume change. It is postulated that ue remained above
0 ' 5 for so 10ng because there was no confining pressure
to heal the cracks formed during the roading process.

This theory is partiallv

o..!.2

The effective strain ratio for all specimens
tested in shear is shown in Figures 5.23 to 5.28. Às
axial strain increased, the ratio of total radial to
total lateral strain remained constant at z Q.5 in all
cases . This indicates ducti 1e f10w with no volume
change, and agrees with Sinha (19g6a), who states,

For conditions where cracking activity does notdominate the deformation processes and where finarstra in cons ists predominantly of viscous f Iow, ].te207



jn isotropic ice may be expected to increase withtime during loading from an initial value(Poissonrs ratto) to a finaL value of 0.5.
Mellor ( 1983 ) also states that,

as material response becomes more ductile, theusual trend is for Ue to increase up to a limi1/2, which represents incompressiblã flow
Note that in general, p decreased from an initial
as a result of dilation. There is some sJ-iqht vär
in the f inal value of l_le, as noted in TabIe 5.4.

6.4.3 Instantaneous Strain Ratio

instantaneous strain ratio, iri, for arl the shear tests.
The curves of pi forrow the same general pattern as

those for Ëe . That is, Ui is generally close to or
equal to 0.50 for the greater proportion of each shear
test. Note however that in the beginning of each test
( before 1% axial strain is reached ) , ui often fatls to
x0 .45 and then increases from that point to approach
0.50. This phenomenon may indicate the presence of some

erastic behaviour, as indicated by sinha and Melror
above. rt is possible that micro-cracking occurring at
the instant of loading caused dilation. rt is possible
that the micro-cracks \,rere then healed ( or at leasr
stopped propagating) by the confining stress while the
erasic behaviour of the ice i.,'as stilr evident. rn
effect, the cracklng activity may have masked some of
the erastic behaviour of the ice as reDreseni-erl

2OZ 
Lire lce as represented by

Figures I /q ts^J. LJ LU

r ^+

value

iation

s.35 i llustrate the



a strain ratir¡ ( 0.50.

The murti-step shear test was conducted to
investigate how the shear modulus and strain ratio of
Kjartansonrs ice would change as the deviator stress was

increased. Mean stress wäs herd constant throughout the
test' That is, the confining pressure 'ô¡as rowered in
order to compensate for the increased axiar stress. A

mean normal stress of 2.5 Mpa was applied, and the
deviator stress was increased in steps from 0.8 to r.z
to 1.6 to 2.0 to 2.4 Mpa. In general, the qnecimen

under multi-step roading exhibited simirar behaviour co
the specimens under single-step loading.

The effective shear modulus of specimen Tg is
shown in Figure 5.35 for all five steps as a function of
time, and in Figure 5.32 as a function of axial strain.
The shear modulus in the individual steps of the multi-
step test behave in much the same manner as the shear
modulus in the single stage shear tests.
calculated values of G for the individual steps of the
multi-step test are somewhat higher than those of the
single step tests, especially the third and fourth
steps.

tn analyzing the
203

results

ïnitial

of the multi-step



Lests, it is important to consider the cumulatÍve effect
of the loading steps on the ice specimen.

curnulative effect makes it difficult Eo consider the
separate steps of the multi-step test as individual
tests equivalent to the single stage tescs.

Table 5.5 and Figure 5.37 indicate that the
elastic shear modulus, as represented by the first varue
for each step, increases as deviator stress increases.
since the axiar strain rate arso i.ncreased as ihe
deviator stress increased (see Figure 4.54), it may be

concluded that the shear stiffness increased with axial
stra!n rate. previous researchers (Hawkes and Me11or,
L972, Traetteberg et a1, rgTs) have established that
axial stiffness (youngrs modulus) increases with strain
rate. rt would seem reasonable to expect shear stiffness
to increase with axial stiffness. Note that the initial
value of Ge in the fifth step of T9MS (deviator stress
was 2.4 Mpa) is 10w compared to steps two, three, and

This

four .

cumulative damage suffered by the specimen. Arso note
that the first reading for all steps of the murti-step
test was taken at the same intervar after load

This loss of shear stfffness may be due to

application (z 3 seconds ) .

The effective shear

slmilar for each step of the

lndlcates that ce at 2t axial
but the first step. This is
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modulus curves are quite

multi-step test. Table 5.5

straln is the same for aIl
not unexpected in light of



equation 6.5 since the first step had an incremental
deviator stress twice that of the last four steps.
carculations performed by the author indicate that
eguation 6.5 is a very good approximation for the
individual steps of the multi-step shear test.

5.5.2 Strain Ratio of Multi-Steo Test rce

The strain ratio of specimen T9 is shown in
Figure 5.36 for all five steps as a function of time,
and Figure 5.38 as a function of axial strain. Tabre

5.5 shows that poissonrs ratio tended to increase when

the deviator stress wès increased. and that Ehe

effective strain ratio decreased to :0.5 as each steo
proceeded .

The increase in poissonrs ratio exhibited by
the specimen in the rater steps of TgMs can be

attributed to an increase in cracking activity causing
dilation. poissonrs ratio shows some variation (u for
steps four and five is less than u for steps two and

three) as deviator stress increases however, and it is
postulated that this is caused by cumulative damase to
the specimen with successive loadinqs.
although the total deviator stress increased with each

step of TgMs, the incremental change in deviator stress
h¡as the same ( 0. 4 Mpa ) .

responding to the same change in deviator stress with
each step.
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That is, the ice specimen \{as

Note that



The ice specimen began io creep in a ductire
manner with no volume change soon after the application
of each deviator stress step. This is indicated by
effective strain ratio values of x e.5 in TabIe 5.5. u

for the single stage shear tests exhibited the same

behaviour. rt may be concluded therefore that deviator
stress levet does not have an effect on effective strain
ratio.
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'1 1

Constant nean normal stress triaxial creep
tests r¡/ere earried out on isotropic ice to determine its
bulk modulus, shear modulus, and poissonrs ratio. Each
test was divided into tr+o phases - the first phase was

isotropic consol idation ( from which bulk modulus wèls

determined ) , and the second phase v/as constant mean

normal stress shear ( from which shear modurus and
Poissonrs ratio were determined). The temperature for
all tests was -2.0 oC. Mean stresses ranged from 1.0 to
2'5 Mpa, and the deviator stress f or all shear tests r^¡as

0.8 Mpa, except for the multi_step test, where the
deviator stress \^¡as increased in steps. The f orlowing
conclusions are based on the experimental data of the
present study. There are two principal conclusions, one
for the modurus values (burk modurus and shear modulus )

and one for poissonrs ratio (strain ratio) of

CHAPTER SE\¡EN

CONCLUS I ONS

KJartansonts ice.
detail are also incruded for each of burk modurus, shear
modulus, and poissonrs ratio.

7.2 Princioal Conclusions

Point form summaries of greater

The values of the
207

elastic bulk modulus and



elastic shear modulus of Kjartansonrs
L.02 Gpa and 0.18 Gpa respectively.
approximately one order of magnitude lower than those
values determined for freshwater ice by dynamic test
methods.

time-dependent values of the burk modulus and shear
modulus of Kjartansonrs ice decreased by another order
of magnitude from the elastic values.

During ccnstant mean stress creep testing
Kjartanson?s ice exhibited no significant volume change.
This is indicated by an ef f ective strain ratio of :¿ 0.5
for all specimeis. Specimens tested at Iow mean

srresses did exhibit cracking activity causing diration
in the initial phases of those tests as indicated by
values of poissonrs ratio of > 0.5.

During constant stress creep test ing, the

ice are

This is

7.3 Bulk Modulus

l-- The time required to reach an attenuated
vorumetric creep rate of 1.5 x 10-5 hr-a lvas nore
dependent on initial specimen density than on
hydrostatic stress.

2. The volumetric strain at the point of
attenuated creep decreased as bulk stress increased.

3. There was evidence of rrsof tening,, of the
ice in cyclic isotropic compression tests.

4. The elaslc bulk modulus of Kjartansonrs ice
was determined to be l.0Z Gpa.
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5. The asymptotic value of the effective burk
modulus increased as bulk stress increased.

7 .4 Shear Modulus

1. The elastic shear modulus was determined to
be dependent upon specimen density. For a specimen of
average density the elastic shear modulus was 0.1g Gpa.

2. The elastic shear modulus was found ro
increase wi th deviator stress .

3. The effective shear modulus was round ro
decrease asymptotically with time. After initial
elastic strain, the effective shear rrodulus Eor the
single stage tests could be approximated very werl by

6s=(o1 - cr3) x (381)-r.

4. The effective shear modurus was independenc

of specimen density and mean scress.

5- The effectÍve shear modulus was determined
Lo be independent of deviator sEress.

7.5 Poissonrs Ratio and Strain Ratio

1. poisson I s ratio for Kjartanson I s ice was

determined to be dependent upon mean stress. For
om < 2.0 Mpa, ]r was > 0.5 because of cracking activity.
For om

cracking activity, and u was slightry less than 0.5.
2

and effect

. Measurements of instantaneous strain ratio
ive strain ratio indicated that the sÞecimens
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experienced very litt1e vorume change during creep. ui
and pe were r 0.5 in aII tesc cases.

3. As cleviator stress was increased poissonrs

ratio increased due to cracking acitivity. cäre must be

exercised in utilizing the multi-step test data because

of the cumulative damage effect on the specimen.

7.6 Suqqestions for Further Research

A number of recommendations can be made for
f urther triaxial testing of ice. r.¡ith reoards f n f est
equipment, it is recommended that an automatic vorume

change device be manufactured or purchased for use !n
the test program. This would al1ow greacer accuracy and

frequency of readings.

strain gauges mounted directly on the ice speeimen in
order to elirninate the possibility of erroneous LVDT

readings due to frame compression or improperly arigned
loading pratens. These two changes to the equipment

inventory (along with a load celr) would arrow the use

of constant strain rate tests. constant strain rate
tests have traditionarly been used in the geotechnical
field to determine elastic modulus values.

rt would be of some benefit to eriminate the
effects of density in the test resurts. Àlthough most

naturally occuring ice is porous, the use of non-porous

lce 1n laboratory sltuatlons does lend more confldence
to the test results. Finarly, it wourd be advantaqeous

2]-0

It would be beneficial to use



to conduct tri.axial tests over a range of
This would aIlow the determination of
temperature on the bulk modulus, shear
Poissonrs ratio of ice.

temperatures.

the e ffect of

modulus, and
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