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2 A . _'Thie thesis -examines the production of the material

spray-ice; and several of-its constitutive properties with

écmpariséne drawn to existing spray-ice data as -v_rell as -
anm,, ice’ t;nd soil. considstation was given as te ‘how -
spray-ice was best represented ag” an angineen.ng matarial )

- and what factors effect its behavior. It was also 1mportant

‘to ‘add to the nmited axisting data base on spray-ice and to

review the methods of production. ' - o g \1

After a fairly” extensive literature rnview on s’bray—iae,

. solid ice, granular ice’ and snow and a bziet overview of. tha o

p:essuremater, the exper;mentlgl results are pzesenteg. A-

total of thigiy-seven pressuremeter tests were performed on
tlrst year e and spray»—icee The production of spray-ice -

» ° ‘was evaluated thrnuqh a 1arge—scale test pragram and

were perfomed on the 1aboratory mada sptay-ice.

From these experiments it was found that spray-ice
= \/behaved in a manner similar to qranular 1ce or loose sand.

, However, its failure envelupe~has a shape that aqrees with

«, solid ice or snow. @he( cchesive properties ,of spray-—lce
plays an important role_in détermining its bghéviour: It was
tnund that spray-im)i;rength and - fai!ure type was highly ;

«dependent on the canfining pressure and consolidaticm time

7
as well as being affected by the t@st temperature, strain
i ’

o




rate and sample .density. The strength trends found in this

ly.agreeg-it.h the resuits ‘of others on’

study do ‘not .l.lt

e :atten'qth' ‘values and stress-strain l:ur;lel/

spréy- ice, but’

are similar. The b-havicur was co-panbla in some cases to
that of solid, granulu‘ ice and” snow. Thn prsssurenat-r !
vtestg"'pexfonwd on spray-ice did not ‘compare well with
Avalua/sf 1:; the literature but, in general, agreed with the

;‘lsrived triaxial results. _Generally, thesa tests wnr.’,‘

e!tacuva An avaluating apra; ice but ndditional work is

required ‘tot a " this int ing’ and important

2 .mm:erial.
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I INTRODUCTION

With the advancement of ice technology in North America
in the paat decade and the increasing costs of ccnstruct:inn i
1n the Arctic, many on producers are looking. atithe use of
spray-ice as a‘viable cons\:ruction material. Spray-ice is a
fine granular material formed through the high pressure
spraying of Hater into a cold environment. - ¥
. As spray-ice 1s a relatively new material only a
1imited amount of tests have been .completed to detemxne its

basic strength -characteristics. In order to be able to
P .

- increase its px}oduction while main‘t:aining a competent

material -additional reseéarch work was t:hougm: necessary.
The objectives of the tollowing report are: (1) to help

understand what affects spray-ice hehaviour and ‘to consider

‘.how it isvbsst raprasen_ted as an engineering material; (2)

to add to the existing data base of stremgth information on
spray-ice while assessing ‘a means 'nf performing insitu and’
1aboratory tests on : <thé ice and "(3) to évalua';e the
*production of spray-ice in the labbratory as well as through
a full-scale experiment. ‘.

In preparing the test program it: was important. that the
results could be correlated to pre"liously attained field and
laboratory  data, while providing the r_;reatest\amount of
information possible. It was therefore decided to look at
gpiay-ice under field and“hlaboratory conditions. ~ The
pressuremeter was' selected to evaluate spray-ice insitu and’

v o 1




. o i " s
triaxial ta?ts were eémployed to test laboratory nda:

spray-ice.
To accomplish the ahave described objectives tha work

will procaed according to the following schedule: (1) a

1i review is Qn spray + other tmﬂ of

ice and the pressuremeter; (2)‘ the spray-ice is assessed in
detail with conuidaratlon given to the material, - its
formation and itl uses; (3) the strunqth propazties of aolid
ice, granular ice and snow are sumarizad and finally (4)
the pressuramatat equipment is. describea in detail uleng
with the test 1nterpretation ar\d its applicacion to ice. )
In the' exparimental section the ﬂald al]d laboratory
tests are considered, the ‘ production of spray-ice is
assessed and the ice crystallography is examined. A series

of field };elsureneter tests on spray-ice and other

first-y ice is presented. The stion of spray-ice is
evaluated through' considering a large-scale experiment
performed by ERCL (Esso Research Co. Ltd.) and by looking at’

the labo > ion of spray ." Triaxial tegts have
7

been formed on laboratory nas;la spray-ice -and the ice.
crystallography was'detex;mined for samples from the rfeld as
well as samples prepnred in ths laboratozy ami subjected to
,triaxial tests. b Uk

In' the, discussien of the|results the success of the.
spray-ice prqduction* axperime’ﬁts ‘is assessed alon'g with‘he

insitn and laboratory tests, Also, the findings from the




% S

E field and laboratory tests are compared with results from

the literature on soil, solid ice, granular ice;‘sncw and

5 L ]
spray-ice where the data are available. THese comparisons

assist in’ providing {nformation on the behavior of

spray-ice.




déep waters of thé high Arctic and it has been used in the

the actual island ‘construction, but there is also a savh\'q

IT LITERATURE REVIEW -
II.1 Spray-Ice o % »

II.1.1 Introductlun

From the ccnltruction already completed . in the Arctic,
it seems that -pray-ica islands -could Jcut axploratien
drilling costs by at least tilty percent in shallow to
modera water depths (Wﬂhim, 1985; Juvkn-wold, 1986).
Recantt, spr:ay-h:e has also been und in the construction
of barriers around offshore structuzu and uoating 1ea
islands. The spray-ice , ,barrier p:otlcts a structure trom v

the forces of the arctic -ice sheet and creates an ice rubble

mound that in itutlt the pray-ice has

been employed to nztiticinlly thicken the ice sheat’ in th

|

|

ién of a island in' the Beaufort su‘f

(Masterson et al, 1986(b); Goff et al, 1987). The gen /

location of the Arctic explorat;on activities is sh
the map on Figure 2.1.1.

Spray-ice islands are not only economical in terms of

d\;a to the shorter construction period. A up;.‘ay-ice J.plalnd
requires 30 to 45 days canstr‘ucfl.ion- time while a gravels
island needs 60 to 90-“days (Williams, 1§85). In additz:;;i,
for gravel island cnhstructihn the:e is a  need tor
‘cénstruction pamits, dradging and transport‘i;\g\gravel, as ¥
well as having the dx-ill rig ready well in advance bacause

¢ i
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Figure 2 1.1

Location of Arcuic Exploration Activities




of the necessarily brist drillinq saasun. Frmn' an

Ly environmental point of vigw, e apray-lce {sland also hus
the advantage that, once.the drilling is completed in the
spring or summer, the lslan@ will meltt'".\ This means there
will be few or no 1nnq‘tern; effects on the su#cmdinq area.

The purpose of this section is to review. the t‘:ux."rsnt -
liteﬁgCurE‘cn spray-ice. Spray—ice will first be described ’
as a material and examples of how it has begn used: in

. construction * Will be illustrated. " The physical ~ and
mechanical sproperties Wil e sumﬁrized ) from ‘existirig
leld ana laboratory .t \ts’ as found ‘in the 1iterature:

A :
Design aspects for spray-ice construction: will be gxamined.’

The and ‘disadvant of sprdy-ice will then'be 7

ES reviewed and consideration ‘given to the futire- of spray- «

ice.

N e %
II.1.2 Spray-Ice Production Y L &
ﬂe has been’ used as a structural material for many

" years in the Arctic. The. military developed its (use in the .
1950's _for jhe construction of xoads, brxdges nd runways /7
(Duthveiller et al, 1985). . More recently, n}oaemg ice

& islands have been 7 cgnstructed , for exploracv.mly drilling
purposes by glqoding' sheet ice with water to|build _v up a
frozen mags (Mastersan et al, 1986(&)') The m i\r problens : un

2 assoclated with flooding  an' ice sheet were ths/ lowy build-up

e o rate of the ice sheet (ie. app:oximately 7-10/cn/day. at o




L
?amrctic ice plattom), thev limitations imposad by warm

summer months, and Qhe dependency of strength on the

Giimatic conditions during constructxcm. . 5
(‘ ’rhe discovery of spraﬂ-lce, as it applies to the

e: leratory drilling operation, has renewed the use of ice !

-as a structural’ matar:.al. spray-iJe has szgnificantly
h:.gher build—up rates than flooded ice, ‘with'rates of" up to w : 3
60 cm/d..ay ha"‘\g been‘ Qchl_eved in the experimentul island
constructed by Sohio and Partners in 1985 (Goff.et al,

1986). - . = . e
~ Spray-ice is formed by high presdure spzaying of salt
water through the cold Arctic air. Latent heat is Fapidly

transm:,tted to. the ‘alr from the travelling water drcplets,. ‘

creatinq ice crystals bafora tha drcplats reach -the ground.‘

'rhe matet‘ial consistency depends on the air temparat:ure,

the initial £low J:ata and pze: ure, the distance of travel,
and the sa].:.nity of the Hater. “ Once, on the ground, it~

wvaries. from - a "snow" of ice czystals, to a "tlutiy sleet",- |
& S

to a softislush. P .

From observatians on' test and sxblcratnry 'sprayl—ice
islands, optimum comiiticms for 1’aking large quantities of
spray-ice in a §ho:t tima sSpan- have been ascertained.

Generally, the lower the tampetature, the. higher the cé\ |

content of ‘the spray-ice. Air tempex'a(:ures should at |
least =15 degrees C and i:raterably -20 to -40 deq s C.. {

‘The spray ‘nozzle is set at an ‘angle of between AE and ‘50 \
E 3 g . i



<

# ﬁ@rees .to, the horizontal with A'»_sprayinq -aistance . eg
A(Ke.lp, 1984). # e B . e

. The pump?\are,\hankad up te’ a" le skid or stationary

between 60 and 90 metres and, ideally, no wind. Durinq ‘the -
spraying there may be l.osses of 65 to 75 percent ot the

estimated volume due to “prine dzainaga and wind disp.} ion

_In order tc pmduce the very large volum of spray-icn

necessary for island construction, u-ually tvo to four -pumps

operate u:lnnltaneou!ly to cover the area’ of the ice pad.

awivel arrangement, J'to which-a ‘fire noule is connected. The

set‘up is ‘sinilat to that ahcwm in Figure 2.1.2; The pumps

ity of bet 1500” and 1auoa

typicalg.y c at a

1/min. at 800 to 1500 kPa, depending on- the type ana nunber.
During the Cconstruction of:. the CIDS;  (Concrete Tsland
Drilling System owned by Global iarln&) spray-ice barrier

the pumps \ver. sntionad on board an ice breaker This

allowed for greater mobility anci hrgax' capacity 'pllllpl——
(Jahns ef. al, 1986).

m.1.3 and sintert of spray-rée
A better understanding of spray-ice can’ be attadned by
revlewing in more detail\a few aspects of its formation

including the fnmation of ‘the ice granules and their

sim‘_aring. w
* In the report by Zarling (15!0) the heai: avnd‘ nass _‘

transfer/!rol the water droplets is axamihed 'ns'/ described
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Eprai_)r—ice Formation
(Jahns et al, 1986)

below. Sgé water has not been considered-in this
explanation, it will be d@alt witn later. .

~ As soon as the vater leaves the nozzle the jet breaks ,
up into drups. The ﬁ.mp pressure and the initial velocity

of the jet are known and tha initial wvater temperature is




Wh n the jet hreaks up due to inertial, aercdynamic and
surtace tension- tatcas a lazge surtaca area versus vcluma
ratio results. \This causes high heat transter rates and the
supercooling of drops. Depanqing on the location o ,uf;a

v water droplets in. the stream, the air ‘temperature and

charactaristics of the trajectory the water may nucleate
before it hits the ground. =
| 3
The ‘analysis of the” problem can be loocked at in three
T - g

. £ ‘ways; th“e velocity bf the d}:ops in’ the screiq, the ;}xea‘: band

‘mass traﬁsfer of a single drop ‘in' comparison :to. the

evapbratio\\n rates and the leat 'an;d mass transfer of a system

of drops.

. ‘The water jet behaves as u trajectory howaver us it
/~ E breaks int? drops the horizcntal speed of the. drop dacrsases
L_,‘ with distance from the nazzle anﬁ the vertit:al speed of the
dtop dactéases to jzero as it r:enches the top of the
g trajectcry‘then increases again. It is impertant in this
» problem to\knew the drep diameter throughouf ‘the distance.
il " " This diame“ter is not, necessarily the grain size of the
material ‘aq‘ the grotnd. K # ( : ;
The héat and mass transfer of a singlé drop can e
‘1ocked_ at “.‘in two ways. First 1!:- can be agsméd that
\g'omplete mi;cing occurs ‘witr‘xin:tvhs drop; and thermal and mass.
transfer ‘cc‘cur's only at the drop surface, or no mixing vcan

. be esstumed and the equation reduces to a _trnn\siené heat. flow

iy



problem.

The heat and masg traﬁster of a system of drops can be
analyzed by considering a stgady tlc;wvcenditian from a
volume of cold air an;l a !alliné water spray land the/energy °

* cross balant.:,e‘ across the volume. Co;npgter progrims were

used  to step through the water.trajactary in/ order to

determind its properties. ’ -

Thase types QWcalculations have result!d in coollng
curves: tor a system of water drnplets falling trom various
haiqhts. The curves are also used .to de lermine the drop
diameter for a given flow ratio and femperature.

E‘rcm this” type ot calculatiun the followinq inforﬁation

has bean agcertained:. . -

- Drops falling from a greater distance ‘cvool»more. .

.- As-drop size decreases’ the thermal equililimm ‘condition

-betv‘een ditpﬁs and air is éppioached. It is puseible that
: drops falling !rom different 'distances have the sane tinal
temperature. - -
-'1f equili_hrlum is reached 'between drop and uir, no further
codlinq nt the drops takes .iace. .
-~ .= As rlow ratio h-u:reases, cooling of drup§ delreases slué to

the increase of uater in the air column. -

The flow ratio is directly a. funct:.cn of water dr

temperature, water flow rate, air tlow rate, chan%e in alr

st}eam enthalpy, and humidity ratj.o.

-i8ackinger et al (1978) 1nvgstigated the ‘effect of the

o 11 2




salinity on the droplet tnmation. As tha'éeu— vnté’t-
droplets are torcad ‘from th‘a spray nozzle'into' the cold aix-

they axpepience accelerated coounq. Inithny the heat is g

/\ lost by 'lva heat trar and ion. When the
front side .of t_ha water droplet reaches -1 8 degrees C ice
~
crystua begin to ton. o -

Most water droplets contain a particle u{ sedimenc,

wﬁ'ich aids in crystal nucleation, and only a 1.1m£ted"nmoun\:~
of super cool:}z‘ng is possibles. Once "the surface of the °
droplet i§ ice covered the tra’ngfer of, heat by evapgration,
is less and flow through l;he shell }ncreasgs: & As -‘the
droplet freezes the brine on of .the ining

.
liquid rises, and the freezing temperature decreasas.

]:t‘ the sj.ze of. the water dnoplet ie 1ncreased the
- quantity ‘of material to freéze.also' increases. The larger

the water droplet the' faster it will move, this 1mproves the

. P local: heat transfer in proportion to the square of the’
radius. Also an increase in the nozzle pressure does not_
necessarily increase )ﬁ‘a throw distance due to ‘increased

- : : :

turbulence.

From actual obser\{aéions of spray-ice, the mean

i diameter ‘of')‘the particles varies as follows: 99 percent 'are
. "' bpetween 1 -and 10 mm,- 30 percent .less than 4 mm -and 0.1 DA

i)ercent less than 1 mm. . Toen

Bxperimentation shows that to ensure an ice content of
83 percant tha droplet should be less than’ \Lm‘ 4in- diameter
\
- ' . X S22 . ¢ N
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' 11.1.4 $pray-Ice Construction History g

:lce otten contains antrapped air so that the density varies
kpeween 0.7 to 0.8%g/cm3. ;

once the matarial has 'rgached the ground, various
processes occur. The brine in t}ie droplets starts to:dx:ain

and the droplets sinter. Sintering bonds the individual

.grains together thus 1ncr:aasing the mat;rial strength.

Accor:.i-ing to Ramseier et:\al (1967) sintering is ‘tne process

by which ice and snow particles bofid together at

temperaturés below the melting point. The qx::owth of the

h&nds is a result surface difgusion, volume diffusion and

évaporationv condensation. . e

As previously mentioned, ice has’. been ’usepi a: a
constr}xgtiun material in the Arct:lc" for many;years. .'sihce
1970 the oil industry has been using flooding, -sprinkling
and_ finally spray ice techniques for various constru_éuon“'
applications (Goff et al, 1957). - B

The use of ice as an engineering material is limited by

the exten:‘. of the e window" the “year.
In the Arctic, construction «;f an isl.and or breakwater
cannot commence until the summer bréakup has been ‘compleged
and temparat:ute‘s are cood enough for ice formation and
stabilization. .This usually means December, in the Beaufort

Sea, and both the construction and the exploratory drillinq\\

/with the »remaining bx‘lne at a salinity of 200° ppt. Spray-. ¢




al, 1936). Theretere,

one seasen unless special provisiuns are made to

ice aqsinst wrm temperatures. kS ¥

The short construction period obvicusly 1imits the .

‘depth of water in which 1ce 1slands can be ‘c_nstructed and’

shcrtens the allnvable sxplnration ti;;e for 1cd flcedad F
spray—ice islands in camparisan to that: of concggté caisson =
islands. Gravel . snd concrete islands, hDWevsr, hava very .
high construction costs :gr one timefexplcratoty ueus\and

~
only max'g.mal success has .been achie\led in tr:a r\:ing

"concrete stmctutes to new ., 1ocatian§‘. , G:ave 'slan_ds, ’
obviously, can nat ‘bs. ‘relocated but they) may; with
additional malnﬁenance costs, be .used tcr'a secnnd seas‘ n.
panarctic Qils’ Ltd. has been constructing flciat:j.ng~ ice
151;mds in the canadian high Arctic since. 1973." To .ﬂate, 38
wells have bsen dr;lled on' islands .constructed i this
manner in water depths of up. o 500 mettas. Howwer, (-.hs_ .
! ‘southern Arctic, the ice sheet is not solid (or’stable) year .
round and it 15 not possible to drill from floutinq 1slands

(Masterson et al, 1987). Yo . 1B »
In 1976/77, Unian D:I.l am'i partners constructed/s ]
v

fltzoded, groun¢ed ice island in, about 2.7 metres of water in ®

Harrison Bay, Alaska. The 1sland was success!ully use*-toz\

the drilling of an axploration well (cax et al, 1936)

Exxon, and psx—t_ners, , in  the winter or 1979/80,
% 7y

e - ' . £ 1 &%



constructed ' an experimental, grounded icé ﬁaiand in Prudhoe

Bay in 3.08 i'neh.'es of water. The island as approximately

396 mstres in diameter. Three technié\les vere used, tree

ﬂoodlng, sprinkling frnm a centPal pivot, and spraying from

a high volume nozzle. It was found that low density spray-
‘J.g:e could ' vastly improve the build-up rate and' thus |

construction times for ice islands (Pradanovic, 1986) .

The Tarsiut and Alerk caisson retained structures used
thickéned ice pads for their relief wells. Also, t‘urﬁher_
protec€ion againet ice sheet forces- was provided :by using
spray-lce to heighten the ice rubble mound’ around “the island
and to enlarge the pad diameter (Neth et al, 1983, Kemp, .

; 1984) . i . :

i In 1983/84 Standard Oil and Exxon constructed grounded
Csvpray-ice islands in x"elativ*} shallow watez; and confirmed
the rapid build-up rates  of . spray-lce" that had been

anticipated. Exxon used a spray-ice barrier around the CIDS'

drilling unit in 15 metres of water located at Antares in
the Beaufort Sea (Jahns et al, 1986). The same year,

Standard 0il and partnex;s constructed a 106‘matreﬁdia‘meter'

spray~ice island ott,Pm:ihoé Bay in the Alaskan Sea. “This

- experimental island was useﬁd .to evaluate the .engineering
properties of spray-ice. '
Amoco wasv_ ths- first to use a spray-ice island for
exploration, drilling. Ma‘rs was ,cs;nstructed i.n 1985/86 .at

,Ca'pe'!lalkett, west of Prudhoe Bay in moderate water depth
. s e




(Funegard et'al, 1987), . P

s —
since 1980, Standard Oil Ltd. has been s(\:udying and
making ﬁsé of rubble ice. Rubble icé forms’ naturally '€n

slopas af artificial 1slands and shoals. Standard 0il has . -

designed d amu/'ruhbla generatinq and collectinq

dévices. An example of a tull-scale field tesc is the

proposed use of a /harqe mounted st:ruct:hre as the ice rubble

genetatcr and then using spray-ice techniques to'add to the™

island's mass (Po‘:ter et al, 1984): ° _~ ’ o }45
] J\nother usﬁ’ of spxay-ice ‘was tested in. 1984/85 by ‘

. Panarctic' 0ils Ltd.,. on Cape nuson_ c-47. Cape A;./J.isen

c- 47" vas 'a fléating ice’ dr'unnq Platforn constructed ‘of

fi¥st. year' sea \ce w}ur.'h was thickened with' sprax-ice. ’I'he

enginal' ice thickness was’ approximately 0.8 metres, and the

final total thxckness was \s 97 metres. Cape ‘Allison was
located in the ' Canadian Az'ctic, otﬂhore of Ellef Ringnas
Island, in 260 metres of watez', and it coverad an: area of

180 by 40 metres. The island was designed to support ‘the’
0, -

Panarctic Rig }\ which weighs, 1.6 tcnnes (
et al, 1987). A(year earlier, Panard\:s.c 0ils Ltd. qaineci
) exper;l.ence with spray—ice during the cnnstruction of the, -
,Buckingham 0-68 plattorm and_ ra].j.et p].atto);m, offshore of
Graham Island. Oriqinally, spi-ay-ice was to 'be used salaly

for the'relief _plattpm, but due tc its succasstul oper’ation

. and I;igh' build-up :."a\:es, spray-ice was u ed in tha luter

@ stag s of constzuction of the main platform. -,
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More recently, in 1986/87, Esso

nd partners

constructed a grounded spray-ice p!.atfom, Angasak 103 near

Cape Dalhousie in the t Sea, for explc y drilling B

and experimental purposes (Weaver et al, 1'988) »
II.1.5 Physical and Mechanical Properties of spray-}ce
Since its first use as a construction material, spray-
ice has been tested to determine its physical and mechanical
properties both in-situ and in the laboratory. . The improved
o ‘knowledqe of the properties of spray-ice will enhance -the
design of varia\:s structures.
. : 4 The propart:ies of - spray-ice vary with temperature,

location of the water -table, salinity, 'age, and production

conditions. Depending on’its use, the strength, volume;

density or dryness‘ of the spray—icé may be important. The

borehole logs shown in Figure 2.1.3 .show the ice

stratiqraphy on two spray-ice constructinn sites.

Spray-ice appears ‘in various forms, and it 'is worth

noting the layering and variability of the material. From

the profiles in Figures 2.1.3 and 2.1.4, the increase in
Y

slush and the water content with depth is evident;, Spray-

ice above the waterline (a.w.l.) is drained, cold a?d quité

strong, while spray-ice below the waterline (b.‘w.l.)' is

saturated, at iea water e (~1.8 C) and

' : contains soft layers. 'Genaraliy, spra)(-ice is a fairly |

: competent material. It is composed of fine, subrounded '

17
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Figure 2.1.3 Figure 2.1.4
Typical spray-Ice Core Profiles
! (Masterson et al, 1987 (left);
3 . Jahns et al, 1986 (right}))
. K N
‘\ granules of ice which may be bonded or partially bonded. 'It
tends to consolidate and become more dense with increasing

overburden pressure. Above the water table, spray-ice is
> deposited in layers, as a solid granular material including-
unffozen brine. Over time the -brine drains from the

18




partinlly bend.d material. Below the vntez table, the spray-

ice maintains a " equilibrium with the aul:lne
pore fluid' (Goff et al, 1987). ”
The properties of spx'ay-ice are highly dependent on icc‘

type and, therefore, distanca to ,the water level. The

salinity of spray-ice also changen with depth and time. The
a.w.l. salinity averages ‘lower than .tha b.w.l. salinity.-
over _time, t;- a.w.l. salinity decreases ‘due to hr}inn’
draipage and brine migration. Brine drainage and migration.

_are initiated due to: the-force of qtav’it{ and tam’pei-athra}

gradient acting on the denser hrine over the surroul%(‘ nq\

spray-ice. These effects cause a corresponding increase

in \
" the b.w.1. nnnity of the 1ce. On average; the aulinity }l ‘w \’_;
|

around 7.4 ppt. aa. vl and 16 ppt. b.v.l. spray-ic- \

(Prodanovlc, 1981(a)).  The salinity of sea water is

approximately 35 ppt.. ¥ i 5

The grain size o; spray-ice depends uinls‘ on the type
of spray nozzle uud and (_:ha_cnnati_e conditions. durinq
construction. Grain gizea for spray-ice vary fra;: 0.5 to
5.0 mm. ‘ .

The spray-h:a is initially formed at a temperature ot
about -,1.8' degrees C.. The ice then quickly cools in tha'
cold arctic air. . In the early life of the 1sland f.he ice
tempatature is quite variable, but as time progresses the

‘ice surface . comes close to air temperature und tha ice

temperature qraduan?\ increases with depth until t:he watex
s ) i
19




‘Figure 2.1.5..

level is reached. Below the Hate+ line the ice assumes the
"; — o

vater temperature of about -1.8' degrees ¢ (Jahns et al,
1986) . o ’

The density of spray-ice not - only depends on  its

salinity, temperature and distanca to the water surface,

but is also a function- of ' the meteorological _conditions

during :construction .and of the roduction equipmant. 'mﬁ._g
porous material has a bulk density on average of '0.74 g/cm:‘

which is lowetr than solid ice. Bulk densities vary between

.0.52-0.86 g/cn? for a.w.l. amd 0.85-0.92 g/cn®  for b.w.l.

spray—icg. By cox:ing ‘through ‘19}andé the exisj:ancg pt‘ T

layering of "the spray-ice: has been eqtahnshed,('so'ne o!‘

‘thessk_layers are solid ice.. During ice px‘pdncti_on' g‘pz'aying

is stopped intermittently to allow the material to solidify.

. At times, when the air’'temperature is. relatively high ice -

lenses form. A ‘density and brine volume proﬂlg from the‘

meso Ltd. Alerk grou spray-ice ‘pad \is shown in

Seve):al types nf field and laboratory tests have been

‘conducted in order to ne.the gth and ion

% 3 3 .
' properties of spray-ice. The strength of sptay-_ice has been

’ .estimated from. in-situ’ paneerowaten tests, flatjack’ tgsts’

and pressureme ér tésts. Vexjtical and hori_zont:al settlex_genﬁ
of the spray-ice structures was e;:aminéd through the nse of
Sordex tubes, vertica). and horizontal slope indicators and
survaying, equipment. e
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Figure 2.1.5 “

£

Ice Island Density & salinity Prorue
(Kemp 84)
P
It appsars that mechanicaI propertiel of spray-ica are

. functions of the particle bondin? load.’mg rate, stress iz
1evel,' temperatux:q, salinity, density, and aiz: and void ’
volumes. - The shear strength is generally génsidered to be
abbut half t‘:f’ the uniaxial cofpressive‘ strength‘.‘ .The"
strength ot spray-ice has been measured from triaxial tests
peffqmed on 1ce cores in a field testing !acilit:y as well

asufro nsitu tests. . Pressuremeter and tlatiaqk tests, -

provide an estimata of Young's Modulus r spray-ice, that -

'is useful in- predictinq the settleme ’
s

Field. tests have the adv: tage ot testing in place

material. However, these tests are expensive und shbje::(: to .

tha time constraints hnpose.d by . is_’.\and. or baxrier

cﬂlstmgtion and drilling times. Because of this, ther has

. 21
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'y or in

rting block samp].es and cnnductinq
ontronaﬂ‘mhoratnry experj.ments. - Z

Spray-ice can be produced in the ’laboratury in a ‘manner
similarsto the method used in the fleld. A nozzle is used .
to spray vater dfoplats in the air, where it'‘fréezes ‘into
fce granules. The nozzle-is fed with compressed air and
saline vater. Egquipment used to make artiticial snow can ):e
adapted for use -in producing spray-ice. )

In the labaratory, triaxial tests are used to detg;;irie &

ice prnp‘er’ties.‘ To simulute site conditiﬁns, drai;x;ad‘ and

undrained tests have been carried out at different contining .

. px:essures, ‘temperatures and strain ratgs. These tests are

conducted on spray-ice cote samples transported to. the
laboratory, and on " samples made"!rom recnnstitutnd ﬂald‘
spray-ice. T

The stress-strain strength -characteristics »n! the -
spray-ice a's':‘ietermined in controlled triaxial tesr;s can be
used to estimate the detomation modulus and anticlyatad
settlement. Huwever, it has been found that it is ditﬂcult

to extrapolata laboratory data to. long term settlemant

_datermina}nnn (Han, 1988) More recent].y, the creep,

behaviour for spray-ics .has . been deternined thtcugh

constitutive-law and numerical modelling (Man, 1988). These

'
.analyses make use of the limited.field observations. An

example of .a simplified stregs-struin.cl‘vae"( from Angasak =

¢




spray-ice islar/:é 4s shown ‘in Figure 2.1.6. The. strain

’hurdaninq hahaviour ot the material is' qulr.a evident.

AN —_— g o

Figurez].s’

Simplified Stress-stm curve
(Weaver et al, 1988)

Table 2.1.1 and 2.1.2 show" some typical valyes \Ikthe
elastic modulus and compression strenqt:h of spray-ice from
laboratory and tield data‘

From the test data collected on spray-ice, it appears
- that laberatcry experiments on field or laboratory spray-

ice samples give raa?onable estimates of the  field

compressive stfength and elastic modulus valugg. The

laboratory “tests tend to underestimate both tha elastic

mc\dulus“an& the strength valuas, althouqn ‘they ase wit}un

“the range. of various field tests conducted. It is aifficult
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£
COMPRESSIVE STRENGTU
s sTRAIN
. Lab uniaxtal 0 ) Lo
4 b iriaxial 1073 133 13
N (confining pressure 10.3 WPa) .
L e AEY L o
Barenola Jaek LT 83 s
9 FLASTIC 0DULUS
: - e STRAIN  MEAW (uPa) STO. DLV, (ifa
g - uate (7 :
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© | ab e 207 11z m
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.
. Table 2,1.1
Spray-Ice Properties I
- (Hasterson et al, 1986)
ICE PROPERTIES- -
conrien | “unconrmen
OENSTY | SAUNNTY | “COMPRESSIVE |- COMPRESSIVE
kgm® G0 | STRENGTH ‘STRENGTH
// Pad . uPa MPa
J 5
SPRAED [swwerofoswea | mean 73 [ G2a2Ch
. - O nusaLe™ | 21010940 40t 150 | mean 124 [0 -1C 0

Table 2.1.'2

. spray-Ice Prnpercies Iz

to compare the

‘24

(Kemp, 1984)

results without knowing all the test
conditions and individual sptay-lce properties.




4
In a paper by D.. H. Masterson et al (1987) cn the Cape
Allison c-n island, qualn:y tests_were petfomed to compare
flooded and spray-ice properties. As shown in Figure 2.1. 7,‘

the materiule are not significantly.’ dittarent for the

cesting techniques emplqyed, but’the tange af values can be’

large.

/.

« WASTIC'MODULUS (ura)

—
Q rLoonm 1o
= SPRATED icE
Qi VA

REMGTH (ure)

Boneudue  FLATIACK-  LARORATORY \

JACK TESTS TERTE TEST
CONFINED AT CONFINED AT UNCONFINED AT
€.~108-3)s € =10E-3/z _ E=19E-2/s

\

Figure 2.1.7

Ice Quality Tests on spray and Flooded Ice
(Masterson et aI, 1537)




II.1.6 Design C.onliduntlons' using Spray-Ice i

As mentioned previously, spray-ice can be used for" many
" including b i ‘ﬂoating leandl‘ ¥

and grounded islands. In order to attain a perspective on

the ‘des‘xgn concerns of structures using  spray-ice; “the
% it 5 A |
jemues pertinent to a grounded spray-ice island !4\111 be
\
S A\
T \ y
Several grounded ice islands have been constructed, but

briefly outlined.

few have been actually used for explorntoxy dx-n ing.
—

Reasons fqr ‘this are: the newness of the, s ay-ic-

technology, h:s somewhat limited’ applicatlons nd tha

sibility atuqiﬂu two .

of _ constructing. al

island within the givs_‘n time constraints and the qﬁbility

decline in 6il prices. m.lrlng -the

casés are addressed: . tha’ practi):al;ty

of an ice island under lateral loading. Other important

lss.\;es are the thermal stability (especially during sprimg

& breakup), the settlement of the pad, the rig stability and
the _c’ost of constructing and operating t.h-‘ri;land.

Construction can not' commence until the ice sheet is

stable so that supplies and equipment can be brou‘qht in on

ice roads. It is also required to construct '1‘“’ island. in a

rest?t:lctegl.:time parlod in order to cunplita the a}ﬁloratory

drilling before the spring 1 A typical

schedule is'shéwn on F!.qura 2.1.8.
The major torcss acting on the ice island are lnternl

l.aax:la, imposed by the ice sheet and the weight of-the »
& AN !
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1 sepT ocT NOV OEC Iam FEB MAR APRILMAY JUNE JULY

IcE -
ENVIRONMENT |  FRESZEUP BREAK UP
SPRAY IGE ' CONSTRUCTION MELTING .
.. ISLAND — |
4 ' 4 4
DRILLING AND [ ]
TRANSPORTATION| \C8 ROAD z . .
1 FOR ACCESS L s

DAILLING PERIOD .
2-3 MONTHS

SPRAY, ICE ISLANDS ALLOW CONSTRUCTION AND USE FOR ) :
E%FLORATION DRILLING IN GNE WINTER SEASON. :

Figure 2.1.8

" construction Schedule 4
(Goff et al, 1986) . ,

equipment on the island. The ice forces acting on ‘the

‘island in a landfast ice zone are usually déscribed by °

di;crete events; éharacteriz‘ed by large, sudden, li:e-fielt‘l

motions. 5 v . p
_Failpre’ can‘ occur in several‘ way;,‘ R d;e to the

interaction of the spray-ice dsla;ld an‘d' thef ‘ice sheet.

« There may be rinitial crushing of the ice sheet, . local

failure of the' spray-ice at the edge of the island, .or

e | ‘ » - . 27. J :




glohaL—nov’a/nent of the island due to lhnax".- fai}uze between
the island and ,the seabed or ‘other r:ritical ulidinq ‘planes

' through the island. In the design of the islana, it is -

anurtant to ensure th}t/the latter, qlobal ‘movement ’ nt “the:

'1slnnd, does not occur. Therefore, the 1sland is duigngd :

with an outer aa?riﬂcial edge zone, or interaction fringe,
which may be pene without af: the actual island.

It is am:icipvatod that the outer fringe wiil fail in a

passive wedge failure which will induce a bending moment in

, the natural ice sheet. " This will cause the ice sheet to

break .into rubble and thus ].ewet the lateral load on the

1sland as the' flexural strength o! the ica sheet 'is much g
less than its cruuhinq stzangth The 'r.\itf.erent ;modes ert

failure of the ice pad are shmm in !igura 2:1.9.

. ) e e
II.1.7 Problems and Improvements :in Spray-Ice Structure

Design

.

Problems thét can ariho durin‘q‘;spray’-ic- ‘,

construction’ include the variabili:y of 't_ha mt'erial, the

loSs of spray-ice due to ndversa vipd conditions, tha

‘creation of brine pools f.hx:oughaut censtruction, the !alrly
- large settlements during the life tlma ct the pad, the uhnrt

;constzuct:ion poriod, the partial melt!.ng of the 1slandn, the

water depth limitations and tha devhlepmgnf. of cracka in the
island. i

The problems asuociated vith the termation of spray-icu
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J are difficult o correct. However various.additives have

e ,
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Failure Mgdés of Grounded Ice Islands
. {Kemp, 1 = 0% &
Rropet, .
been tried to hlpx‘ava the chnrnctaristics of spray-ice .
. quring warm te.-pqratnrc :onstruction (Pazn ‘et al, 1957) As ”~ &
much as 60 percent of the produced sprayrice is lost due to s 2

wind conditions (x'e-p,'f 1984).  This can b'a improved by -

+“locating several pnmpa and nozz es around the circumferencs
qz the proposed island. In this way only \chose nozzles in
“ the coz‘,t'act ozisn:atian uit}r—respect to \:ha wind are usnd‘
enhancing tha production. ) Er;l:he pouln are usually formed A
"when thg . temperature is not sutﬂlciantly Jew. Careful

d_rainaqe p;l:ocedures or additiven might alleviate this

o i s 29 v . s




problenm. 7 i

Settlement of spruy-i : 1slands is siqni&tiunt.

To refuce the serit:lement near the' wall, the area

insulated or coorﬂnq unlts can be installed. An a.l-te ative
L

tn. these-~ measures is to shim up the drill ax:ea or to, ‘su port

the “drill rig .on piles set into the seabed. In mést -areas

.of the island the law reqicns can be simply built up| by
making more spray-ice. s .

Besides eettlement thrnugh consolidation and cteep, the
tsland may sbttle dué ‘to partiapmelting. The island wil}
melt trom the top, sides or bo:l:om.. Melting trpﬁn ‘the top‘v.'
can be contrnuad by ¢cvering the 1slanckwich a graval pad’

or mats. Heltinq ‘from the bottom is not .a major concern

because the sea water is usuany near the treezing point-°

and, in tact, the ice may actually grow. Melting . on’ the,

,'sida; of the  island: at the water: line can, however; be ;

;serious problem if.the island is to be Kept\:iate into the
's'prlnq‘ This melting may be reduced hy- pumping uélder
‘bottom water up to the island perimeter, covering the sidev
slﬁpes of the isla .with a plastic or rubber sheet, or
1nstalling cooling tubes aldng the island parimster. .

It hAS been found tha\: when the 1ce island qruunds onto
the seabéd, cracks in the lsland aftan davelap. To date,

‘these cracks have’ been simply mended by uainq more spray-'

ite \Weaver et aL, 1988).




" The spray-ice island has so fat been limitjed to shallow
waters ,a;gditdl one season construction and utilization.
However, as Spray-ice technology advances it may be possible
to overcome these limitations. Recently, spray-ice/rubble
islands have been conéidered for water depths of up to 15
metres. As thg water depth ix{creases, however, the volume
,éf ice required increases very quickly due to the larger
island diameter required to keep the island pad above the
wler suyrface. It may be impraccical to consider islands in
degper .water because of the short construction seascn.
. Experiments are alsc beinq conducted in maintaininq the ice
‘islands over: the summer season, although this would involve

. ‘
B . Jarge expendituras 5

II.1.8 Advantages and Future of Spray-lc'e ‘l‘echnology
As previously indicated, sp:ay-xc;islanda “have” low
capital and operating costs, (approximately 50 percent of
\/tha cast for a similar concrete or‘gravel island) . 'l?ue to
the low bulk density of the material and the rarée di_ameter

‘ef the islands, the are and the

islands can be built even on very weak soils with 1ittle
prepara:ion. The large diametezs also pruvide ample space
zor equipment and supplies. ' The construction periods are
relatively short. These structures are easily repﬁ\ized and
have low réstoration costs, with minimal env;.ronmental

. : .
damage.' Spray-ice islands use local construction materials
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angd can'be constructed without open water in a fairly wide
A K .
As exploration costs increase for the oil companies, it

range of water depths.

is likely that greater use will be made of .proven spray-ice
technology. .We can anticipate spray-ice islands in~ tie_épsr
water. However, even théuéh spray-‘i/ce has demunstrat'ad
acceptable strength characteristics, _1i_1ore work is needed to
‘ ifiprove the quality and et!i:ciency of spray-ice production
and enhance the design qua;.ity.




, II.2.1 Introduction a5
a cunery[ look at what types of tests have  been
performed on snow and ice is presented in the following
sec‘tions. Spray-ice canr;ot be described as either of these
gubstanées :nd since it is highly variable in Itself, an)
overview of experimental results of uimilax: material will '

aid in the understanding of the ‘uonstit’:tive properties of . /7

spray-ice.
A LI s o
II.2.2 Field and Laboratory Tests on Solid and Snow Ice .

3 A vida’ range of field and 1abosratory tests have been
performed on solid and snow ice. 1Ice is a vlsco-qlastlc
material with strain’ rate dependent stranéth anhd
deformation‘properties. Tests have generally been carried

out to examine the brittle behaviour of ice (fracture

mechaniés) or the ductile behavior (creep). The frictional
‘characteristics, denu}t:y, salinity and porosity to name a

few are also critical to design criteria.

i'he‘ ﬂ_ald experiments which have been successfully

employed in ice are: \flatjack, borehole jack and

preséutématsr test, cone penettometér, plate bearing test,

indentor and impact test and cnntilevar‘ beam t'e_st.: The

length of 'tiy:,e ;gquired ;6 perform creep tests in the field
. s, .

x
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can cause . many- lcgistical problems. " The pre’s_sureqfe‘iier' -’hu’s‘g

been used, essfully For this " (Ladanyi’et .ai,

1978(a)) . k ’ ' P .

' The plate beariné,‘/ flatjack, borehole ’ jackv and
pressureme'tei' tests will qivé information on the bearing
capacity and deforfmatio‘n of the ice.” The cantilever' beam
test is generally performed orf ice sheets and will provide
Ainformation on the flexural strength of th‘\e ice. The
indentor and- impact tests Tire _high to wvery high speeé
compressive strength tests. 7
i Examples 'of./‘iinsitu test results aia e illustrated
below. since tIatjaclE‘ borahoie'jack and press*remeter'alll
operate on the same princxpla only pressuremate tests will
vbe exaqxined. The pressuremeter is .described in greaﬁer

‘detail ’ léyer, however ‘two main types of. “tests havd been

pe];fgrmed‘ in ice 1.9.; high. speed crushing tests and.
- stress-Telaxation tests. Dur‘ing crushing tests ) it is
po’ssib_le to relate the. shear resistance (';y) derived from
the pressux‘emete“r'»curv‘e to the uniaxia.I :ompressivé strength
cf ice through an indentation coefficiem’; (Michel, 1986).
Also the shear resistance (!'y) and pressure limit (Py) were
found !:o vary with ice type and.with temperature. when test: »
are pez"ﬁurm_ed“gh varyiné strain . rates 'encompéséing the
‘brittle to t:heI ductile range for ice, stfess-sérain rves
similar to those for uniaxial':compreas_if:ﬂ}sxc:a::e_

.derived. * , o i oS




The ;‘lf‘sssurameter is  also useful ‘in'détemining creep

patameters for materials whose detumation tauows a

generalized power law such as ice (Ladanyi et al, 1978 (b)) .

& In a paper by Ladanyi st 6al, 1987 the, flow creep. ‘theory was
ufed to. interpret data .fr;m tests. 'The stress relaxation

. test consists {ot inflating the pressuremeter probe in
equally increasing volume steps and recordinq the pressure

in the prche uver a-period of time for each volume level. > 4

»'Ahe results .are in the form of a set of relaxation curves.
By a;plying the Elow creep theory to these curves the

strain in t.hé ice can be sumarizad by: . . #

e [ Ad’e :C

where. A,B, c = der:ived-ccnstants ;

me
‘e ﬂ'e = eq‘uivalent Von H-isas str:ain and .stress - :

" 'Large scule cantilaver béan tests have been used both in

the laboratory and in the field to determine the flexural

strength “of.ice. The test is .conducted by cyftiny three
edges of a cant:.laver beam out }dle ice

is supported by its buoyancy in the watar. A load is

eet; the beam

applied to the cend of the bean while  deflection is iy,
' measured. The flexural stremgth- is calculated by
consiﬂering the ‘beam on an elastic foundation. The 1::L can

be' assessad as. either a_ or

material, depending on the influence ot the temperaturs
) gradient over the thickness of the ice. Frederking et al

(1978) -evaluated an averug/e strain modulus of 2.0 GPa and

;.35 B o .




1 strength ot 0.32 ll}a' for ‘sea ice.
Impact tests can be illustrated by :hc h:pact hardncsa‘
test deyised by Poundax: et al -(1959). In thi.l tast a
calibrated sphere is dropped from a standard height ontc t.he
ice. By neaming the dapth oqpen-tracinn, the hpact
cowpressiva str‘nqth of the ice 1- determined accuzdinq to:

AN
__Zml"'j— '
(A [x°] - [x71/3) ‘

whare. a'- compressive strength ¥
. = weight of lphera 5
) h = height drop
x = depth Of penetratiop
~Ag= !adiul of spher:n .

Lane' (1979’) rapo:ta neasurauents 'ot 4550 kPa to 6200 kPa tox.- -
-€his type of confined test.’ ol
A connonly used Lndentor test i- th- gnctuza toughnos-A
test on seaice.  The experimental ‘set up is shown in Figure |

2.2.1. s

o
Figure 2.2.1 ;

Experimental Setup for Fracture 'l‘ngghneus -re.t
(Prabe at al, 19!0)
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)

‘A notch is cut in the’ middle ‘6f the bottom of the ice
specimen which is loaded ,éo failure. ' The 19ad is recorded
with- displacement and time. The fracture toughness (Kic) is
a function of the geometry of the beam ‘and the "applied
moment. Kic is shown to remain fairly constant at
approxinately 8 kg. cm™:5 until a rate of 10E-3 s~ is
attained when it decreases rapidly. Urabe et al (1979) also
found that the scatter in fracture toughness values is very '
small vhen compared to othef means of neasuring fracture
strength such as ‘compreasive testg. .

A variety of laboiatory tests -have been employed to
test solid ice. ‘Thq most popular are probably the t:iavxial‘
and uniaxial tests. The}se';tests may be performed as a ;:reep
of ' fracture type tests.. In the triaxial test, various

confining pressures can be applied to the specimen. The

. unlaxial tensile strength of ice can also ‘be determined

using similar equipment. i .
Indentation and impact tests-héve also been perfoméd in

the laboratory. The indentor ma); be flat, spherical or the

pyr‘amid-'shaped{ Vickers indentor. ‘Impa;:\'. tests have been

Vperfovnneﬂ using a steel bdll or cylinder of various sizes.”

".Thede , tests . are gonductedr on large blocks of ‘ice. These

'typg‘s of tests were mentioned earlier in their application

to insitu testiné;

'Flexural~beam tests, shear tests and a variety of tension _

tests have also been performed on polycrystalline ice. .

-




-]:.aburatory t:eets have been conducted on what is known" as .

‘snow ica (Bl Tahan et al, 1994). i Snow ica 1s forméd: by

colle:ting natural snow or artiﬂcial enow, sieving it to

£ ' the desired grain size, placing _and cnmpaf:tinq'it in.a ‘mold
and flooding the mold with tresh water’. The reaulting

frozen sample is called snow ice and is classified as ‘1‘1

ice. It can be formed naturally when snow falls on top of

river ice which subsequgnt:lally floods. ) r

The  uniaxial tes\t w.as the first broadly acc;pted
laboratory test to be pertémed on sélid ice and much of the

. ; o
i ion on the cal properties of- ice have been °

- derived from this test. There are basically two-types ‘of

tests; the creep test ( -st ), and t.he'/ :

test ‘(conrstant stra_in). Typical c’\lﬁes ,tron’rthese'tests‘ara' d
shown in 'Fiqure.s'z.z‘./z and_2.2.3. S

5 Te strain versus time curve is divided intb fouz -

parts; the‘v instantaneous elastic strain, the decelarating

g pr,imary Qreep, the transnional secondary creep and the

accelerating tertiary creep. During the sacondary creep the

deceleration in» sttain rate .reaches zero and" then reva)gsai\m

: sign, it is sometimes termed "steady state creep". During

N each of these stages diffe ! 1 sms  are,
B acting on. the ice as ‘a result of the de:crmatiun such as
strain ,hardening or softening and recrystallizut:ion.

The strsss versus strain curve can be broken down 1ntn

2 three s‘t'ages the initial linear inpr‘easa in stress with "




g Tysical Croep Curve p
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T Tersary,

Instantaneous _Elastic Strain (igo small 1o piot)
L i1 L > 1 L

0 z 3 . s

‘t,Time_(Dimansioniess)

% . : . E;Iﬂ!;l:g 2.2.2 .
Creep Curve for a Constant Stress Test on 1ce T ‘

(Mellor, 1979)

&= Constant
molete_Strass/3train Curve

., Stress (Dimensionless)

©
’ Fatyre Straln 4
fhenas 1o decrease as strain rate Increases) .
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3 e 2 3 AR s R
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Fiqure 2.2.3 > -
stress-strain Curve for c:mstant Strain Test (Moderate Rate) *
(Hellor, 1979) : .
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strain, from which Younq's Hodulus can be derived, a paak or

maximu.m stress and the "failure strain", and a non-lineat
decraase in stress with strain . during which' the Qtiess

apprcaches a constant value. - s iy

To describe the .creep curvaa,‘ two- theories 'are ofc;n
combined: the 'tlow‘ rlaw,' for ‘ice' and the Arrhenius
equatic’n‘. The flow law ‘describes the creep éurve by the
equation: o :

€ min = % : . R L L'

Gyt . where: & nin is determined frem the inflection point on
e Creep curve. % R
'T = level of stress during the test i
n= stresa dapendent r:onseant

Arrhenius’ eguat:ion describes the effect nt temparatura on
the creep of- ice with the equation. 3 "
é A e(-Q/RT) S L '

where: -Q = activ;tion energy
g . = gas constant .
=" absolute temperature
. Uniaxial strength tests have also been performed ‘on T1
or' snow ice. Examples are shown in Figure“2.2.4. The
strain rate ‘hES, Vu'ndoubtedly, a strong effect on' ice
strength. '

Figure 2.2.5 shows thg peak strength of the ' snow ice

as a tunction of the logarichm of  the strain rute. 'z'hig

plot is similar in shape to that of polycrystalline ice.
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DETT]
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Floure 3.2.4 | ;
-Stress-strain Curves for Snow Ice . and \Iceherg Ice at

Different Strain Rates .
(El-Tahan et al, 1984) ) 4

% - More renently, the triaxial test has become the most

widssp{(ad e labor/;‘: t.renéth, test for  —ice, with the

unlax;al test 'belng \performed 'in field laboratory
- |
situations or where triajial equipme‘nt is|not available.

';"riaxial creep or streng tests have tﬂe same general

shapa as the uniagial curves. describem earuar, but

”‘incorporate contining pressnre. Also, the triaxial equiphent ’

tends tn have qreater stiffness and be more qccurata.

An  example .0of how confining pressuxja atfects the

stress-strain curve is depictej in Figure-2 .i

6. It can be

" - a
s/ 5 ;
\
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Strain Rate Dependence of strang-t:h for Tl, Granular Snow Ice'”
N (Frederking, 1977) -

seen that a'p‘plyinq a conﬂ‘nin’g‘/ pressurﬁ suppresses brittle

. failure and causes an increase in the maximum stress‘or the

yield stress, vhile at.very -high conﬂn&ng pressures r_he

- yield stress dscreases. In Figure 2.2.7 .the dependence of

yield stress on confining Vpressui'e and strain rate is’

illustrated. It appears thst ss_ the strain rate’ for the

test is increased, the effect of

,becomes more pronounced.

_Hausler (i981) performed wor\c recently on: ths

G multiaxial co}nprassiva. strength of ice. During ;thss_a-

trials a i:uk_:ical ;{acimen vas placed ina loading frame

the confinihg pressure -
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‘Figure 2.2.6 .
stress-strﬂin Curves fér: Polycrystalline Ice for various
Confining Pressures
(Jones, J‘saz . !

L4x10E-4/0

Sbxier-gs .

YIELD STRESS NN

Ejgure 2.2,7
Maximum Stréss vs. Confining Pressure
Rates (_Jones, 1982) . .
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from the following formula:

LTI T
whith allowed the ratio of ' the three stresses applied to

the | sample to remain constant .wthtough.out the ‘test. From'

this series of tests it was found that the biaxial strength
of. saline ice is .several times the uniaxlll’ sﬁx;enqty,
depending. on the 'direction of ice crystal growth wn'h
raspéct to the majo.z: principal stress. For isatrux;ic sndw
ice the strength increase was only 25 percent. From these
tests . it was also possihle to projec} the fauure surface

:or salihe 1ce in three dimensions. ; >

‘Lané (1979) described a number or labaratory strength

experiments on ice. ,He repcrted on beam tests, tensile

tests and shear tests amang others. The beam- test in the -

laboratory 15 very similar “fo the in situ test described
earlxer. %

Three types of tensile tests ‘ﬂava been performed in the

laboratory on solid ice; the ring test, the Brazil test and

‘the 'ftension test. The ring test is conducted on a solid

cylinder of . ice frog which a hole is drined thz‘nuqh‘the
long axis. ,The sampla ‘is laaded cumpressively across iEs

diameter 'until . failure.' The tensne strength is derived

== nzqn'ov ' : :

where: 0;- ultimata tensile strength
- = applied load .
N C = concentration .factor, £ (Ri/Ro)
o Lo = length of cylin ler
+ Rg = outer -ring radius
Ry = 1nner ring radius .~

N
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This test should be performed at a utra‘i rate vhic(h will
ensure brittle failure, as the test 1za;eqire:at1on fassumes
an elastié material. The tensile stres igth tor’ solid ice is
‘in the range of 300 to 3000 kPa. ’: =

l'l}e Brazil test is similar to the ring test except no
hole is drilled in the center of the sample. The strength
formula also resembles thit outlined above and leads to
comparable strength values.

The ‘tensiox,l test is conducted in a ;tandard tensile test
frame on 5 dmbell-sﬁaped samp}ﬂ or a cylindrical-shaped
sample which have ends that are in.some manner fixed to end
,caps on the - test frame. The ténsile strehqth is cmﬂﬁuted
from the formula:

G=p/A B

where: Uy = ultimate tensile strength
& ‘B, = applied load
; A’ = oross-sectional area

\
. Peyton (1962) found sea i:cn to.have tensile strengths
in the range of 160 to 2500 ‘kﬁ. . ¥

‘single an‘u double shear tests have been performed on
solid icé. - The single shear. apparatus is made up of two
aligned p_lat:as which are placed -on either side of the
sample. When a compressive load is applied to the plates
the sample ‘is sheared. For' the double shedar test a
cylindrical sample is fixed at either end 'by holders while a
cam:)gr section 1'5 presséw out along. two éarallal plam;s.
The value ot‘ the shear rssisﬁnce of sea ice ranges from 300
45 - %1
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to 1300 kPa -(Pounder et al, 1959) and 950 to 3300 kPa'’

(Butkovitch; 1962) respectively.
II.2.3 Crushed and Granular Ice, l.gboratory Tests

Various laboratory tests izavo been completed . on
crushed, granular or broken ice, including” shearbox,
triaxial and consolidation cysu, as well as kinematic and
piling tests. “¥or all of these tests the ‘physical
properties of the  ice (eg. grain’ size di‘stribucion,

porosity, awanntv of slush, salinity, etc.) have ‘a 'nnjor'

effect on résults and must ‘be thoroughl.}; stated. '.l'he nnmn
given to the h:a types is as stated by the 1nvnstigntot.

In a paper antitlad "Shear Box Tests .on Broken Ice", Wané
et al (1987), concludad that the shear stress - disphcmunt

ralatlonship is nonlinear and the normalized nhur—

displace curve was 1lic. No peak or ultimate shear
resistance was observed so that the use of a Mohr-Coulomb

failure criterion was not sati ry. These a also

suggest that the mechanical behaviors of the brjo?mn ice is
not sibni!lcnntly affected by particle size or displacement

rate. Thl/ material tested was fairly uniform,.

um:onsalidatad, madu from ice cubes of two sizes; either
“less than 9. 5 or less than 4.75 mm in diameter. In; -additich,
the presence ot b{'ine reduces ttgg shearing resistance and

higher normal loads cause an i in ‘shear g

Gale et al (1986) also performed large. scale shear box

. s
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tapﬁ' cm broken ice. 'l"ha model ice pfticlu were less than
25mm 1d,dinaenx:. In this case the results were presented
using a linea;' Mohr-Coulomb envelope as shown in Figure
2.2.8 | #he ice was found to have-an angle of internal
_friction of 36 to 45 degrees and no cohesion. Again; no
maximum shear stress was zeaiizcd during the /t‘.ests and the

shear stfess increased with ‘anteuinq normal stress.

“ b2 2
i‘ * .
: 300 S
© 2%0 ) »
kil = Y e
g
L& s
i v ] [ 4
5
g o/ o .
“w0.
». mxu'nls‘l'sung .
AN
- 0 .l el 200 30 .
* NORMAL STRESS (Pc) - »
- Pigure 2.2.8 :

Mohr Coulomb Envelope on
(Gale et al, 1986)

A series of oedometer tests also completed by Gale on

samples of varying gradation, reveals the high
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compressibility "ot the | material  and the 1ncr_euéir;q
vélumetric straln with decreasing ' .grain size as sﬁown‘ in

Figure 2.2.9.

- -1
;
Sl P
\ 2 T we W0  am . 158 ;
: APPLIED STRESS(kPo)
N |
Fi 2.2.9 L )
N g Oedometer Test on Broken Ice ™
- (Gale et al, 1986) P
N A second paper ‘by Gale et al (1987) describes ‘the
results of triaxial- on tests | on
- cohesionless broken ice in comparison t9 loose sand. The
ice‘v{s less than 9mm in ’ éiamgter. and was testeé at .-2.5
) degreés C and at a rate of 0.05-cm/min.: The stress-strain
curves (Figure 2.2.10) show a distinctive bilinear slope. - k
s P ’ n N 'y e
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. Triaxial culpression Test oh Broken Ioe - st
4 (Gale et al, 1986) . 3
& Again the ice is very compressible and ex ibitstno limiting - .-"1‘
- average shear ' stress. . The b nkover' stress was at, i\‘r
7 'app'roximcely 1 percent strain. It was féund that- an ol :':
increase in the/Ioa/dlnq prior to shear or an increase in the ,:
i 49 "
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continmg ' 1 - < : ‘th"e : .nv I:urve by,
augmenting ~the breakover stress, and_in the case’ of - prior"
lauding tlattenlng the second portion of ghe cu;:ve.

In the work performed by 'xoinon.x; et al (1978) the
structure of -an ice ridge was modelled.  This was simulated
by "analyzing the behavior of an ice=block.'mass during
shear, Gompression, kinematic and piling tests. The model
ice was roughly cubic (n:ea.n block thickness o 3 mm), was
wal].—graded, saturated and’ contained slush ice.

All of the tests’ ware conductad in a test box mé&ri\nq 1.0
metre, _by 0.3 met:e, by 0.3 matrss. 'rhe kinemati tasts
wert‘a used to mcdel a ship s. keel moving through an o
ice-block giass. This was, pertormed by. pushing a° plate,
inclined at varying angles, 'thxough the ‘ice. The pilln«j:
tests determined the maximum angle that can 'be built - up
éhove and below the vat;: éuface: they were 38.5 and 32.9 &
degrees respective}‘y. The 'colnpx-essian and, ‘shg‘ar tests.vgre
“similar to those previously described. but verf performed
under full saturation. Two possible sources of error in
this Wwork were the small test box and’ the deterioration of
the ice during the course of the experiment.
3 . ) oF 4
II.2.3 Field and Laboratory Tests on Snow -
According to Mellor (1966)‘, Mgnow is considered to be a

non-linear visco-lntic material. Its thenloqical behavior

is umi].ar to thnt of polycryatuuino ice except: for its

-
.
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e . . s : 3 %
“ " high cemé’essibil‘ihy". When lookiyg at long ' term

conditions the viscosity and creep processes of snow become '

important.

The field tests that have been corflucted on snow were

origi;lal.ly‘ performed to understand the risk of avalanches or
‘~snow  slides. ’i‘h major test use‘d‘, was the ‘Ramsonde cone ¥
penetrometer. The military became interested in snow as a
material as they ventured into the arctic (Haas et al,

985) . then oil industry conducted several stud.ies on snow. . ~

-Jothér field tests which have been completed are the CBR
co

" The Cone & provides what is known

Penetrometer and tha,grate bearing test.

‘as  ram m The in consists of a -

‘pene‘trol_neter wit_h ; cone tip; rods are -attached to the
penetrometer and it is hammered into the snow. The hammer
is d‘ropped gram a q;ven height much like the standard ' =3
peneti‘ation test for .soil and ‘the number of 'blol.ds‘ ‘a:re
counted. An example of a ram hardness curve for aqing snow
is shown in Fiqura 2. 2 b & R

'In a paper by Haas et al (1985), the’ CBR (califarnia
Eearlng Ratio)f test has been described alcncr with results‘
on processed and compacted snow. This test :.'hich may ba
‘performed both in the field and labo:atory was adapted "
init;iaily from highway design and then from the design of

; ¢ -
U.S. military airfields around the time of World War IT.

Since that time it has been employed periodically during the
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o Figure 2 2. 11 “

Ram Hardness vs Age for Processed Snow
. (Butkovich, 1962)

construction ot sm:w roads and nmways and for avaluntind

the bearing capacity of processed snow.

oy
The test makes use of a cylindrical penetruineter with.a‘:‘f)

flat end, which is forced 1nto the suil or snow at “a” A

constant rate of 1.27 mm/min ta a depth of 12.7 mmi ‘The i &

raquired load in psi for 2,54» mm penatration is divided by =

Lo ' 1000 psi to attain the CBR ntiu. -A CBR ratio equal to mn

relates to a high quality crushed rock. In order to perform :

- . the test in the laboxatory the test material .is initially B
.placed in a mold. ., . S ’ 13
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Sample CBR Loading Curves s
(Haas et al, 1985)
age hardening[’ g ! of snow. As the v
3 o

higher the density of the snow the greater the CBR ratio.

T ' _ In additiod if the snow was‘w‘orked and d:@saggregated, the ;:

%, . CBR ratio i _ The st in curve for the tests

on compacted show and soil are shown in Figure 2.2.12. The

distinci:’ive bil#:ear relationship of snow is véry different
from soil and indicates a _m'otarbrittle type failure. The
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inflection point for ~.all’ tests occurred at améﬁhat’ léss‘
than 0.1 inches. o . , ) v
The plate bearing' test has also beeri_ performed .on
snow in various forms. . ‘In Figure 2.2.13
non-dimensienal 'é%ress ;dis‘:ru;uticn within the snow £rom
field tests is compared to Boussinesq Ahalysis for soils.
The majority of" ‘the stress prafiles fall within, the
Boussinesq envelope for soils with the notable excgptinn of
_Stehle's' data which may no)'/he appiicahle due’ tu: the low
applied load. - 2w . < . i
An extensive amount of-: data has been collected on snow '
.vthrcugh la):ox"atory 95&:1115. * These indlude \mcontined
c_ompressivé tasts, creep ,'t‘é’sts, tensila tests, shear tascs -
/and torsional shear tests. Important factcrs to consider
du:ing these tests are snow dansity nnd’ grain. size, snow
age and test temperatura. - o

The stress-strain relationship of snow under uniaxial

compression has been described by Landauer (1955). ‘His work~" -

.shows that im.tially lhe; stresses inuraase quickly at a -

continuously decreasing rate, then thara is a. region where

the stress rate dgcreasea abruptly and _eventually -an
ilih;‘\ium stress is ‘uttained. 1t is‘ assumed t};aﬁ ths

* stresses incr\se(t;u‘e to sample ofipY ion and are

by relaxation, with strain hardehing also being an impor(‘.ant

-factor.

dther compression tests(. have been performed. to

. _ . ’«\».\'
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7
delineate the effect snoWw age and density have on unconfiped
=-1957;

strength (Butkovich, - 1962; ‘Jellinek,

compressive
SIPRE Report 18, 1956). Generally, the compressive

4 Strass Costfictent
0
°
S
Place oa
' . © 7
' t .
| pge \
A - -
15 — .
N .
¥ .
z
15 i s~daca (Thowpacn, 1957)
; T ot
il Z\ .
. /
3 ’ i 2 Streas data (stehle, 1970)
P ™
s / . ’
- s
. a
N &
", Figure 2.2.13
} . Stress Distrikution in Snow d
(Wuori, 1973) - R
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' ] gth of p sﬁw, i with_Lge and '

approaches. a 1limit close to the strength 6 naturally

" compacted snow. Tests performed on the crushing stréngth
of niéh density snow predict a linear relationship <between

L density and strk rigth. ) R
In the c/:ep curves studied by Landauer (1955) and “

- Butkovich (1962), it was found €hat the slope of the curve * = '
decrease%with time but this dif not imply a strong lin,eaz.- ’
term.  The deformation  that did : ogeur. was linearly ™
dependent on stress and void ratio. '

In the SIPRE Report #18 (1956), severdl other strength

/ tests’ have been described and carried out. The. tensile K
‘ / . strength of snow has been calculated from the can;:Nfu;aJ. l
// and, ring’ tést. The centrifugal test is consists af-a i
7 ' - cy_lindrical» container ir{ which 1‘:ha specimen is placed and
/ 5 secured at the base. The cylihder is rotat/ed at a apé_&é

which will fail.the 'saglple. The "second type of test, the

ring test, was éreviously_,described in thié‘raport. The - i

™ tensile strength is derived by assuming that the snow is:an
elastic, -prittle material. This assumpticn",is_,am'd if

v the test is ‘conducted very rapidly on a high' densi‘:y snow.

' 0f the tests conducted a mean tensile value of 1117 kPa was: |

e . attained at an average dersity of 0.673 g/cm3. A plot of.. ' 2
. ¢ i -

‘tensile strength versus degsity .shows "a sharp, . almosé'
linear increase in strength with density (Figure 2.2:14).

cy].i;\drical samples have' been tested in zioubla shear




and torsional shear.'l The dcuble shear apparatus at (ﬂnes

caused f_h# sample to fail in the center in a tensile typa

Jfailure.. . Genezally the shear strength increased with
¥ ' density and applied confining pressure (Figure 2.2.15).
. . - .
The torsional shear test could be employed only on. samples -

with higher densities.” The torsional shear valhes were

* lower than that of normal ahaar with the samples failing in

a 45 degree helical hrea):, typ.mal of a brittle ,material. n i OF

oo . ¢
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II.3 Pressuremeter Testing

II 3.1 Introduction and History

. _The pressunmetar has ga_ned wide-spread use in xurope
and .- more recently in North "America dug not only to its
versatility in all ty'ples of soil, pe@trost, rock .and ice
but . also be‘qausa the results can be used ‘directiy for
estimating be_a;‘;in‘g.capacixty and settlem;nt (Shields /et al,
1987). L - ! .

In "The Ssu and jon _ Engineering",

% Baquelin et al, 1978, tundainantal 1n£omatian and history on
. 1":h}e ptessuremgter can. be tound. 'I'he prassuremeter test is
an ;n—situ load test, in -which the radial expansion of ‘a

probe in a ,bex'ahoie 'pruvid;ss- the relationship between

and ion ,of the soil. Analysis of the
preqsuzemgtar curve allows for tha estimation of machanic,l
~sou prupertien, bearing capacity and settlement.
’l'ha, pressuremeter test has many advantages over other
_types of in-situ or laboratory testing. Some of the
advantages are. a&tuned .helnv.
-the pressuremeter is a simple davice, which is easy to
operate and’ cullbrate. -
~the pzegsurematarv test applies an axisymetric stregg,
field in the ground similar to that of a foundation.
‘-t:ha test'measures both limit resistance and deformation
propert&as of t}:a soil. *
. ~the tast 1m‘/olves a largé vcluma of noil.
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¥ -the test results are \.{sei directly to pr\édict
foundation performance. "
-the test method has been stédndardized, aj a
" considerable amount, of puhlishe:i results are available.
The pressuremeter has evolved considerably from the
three-cell probe Louis Menard constructed in '1954. Menard's
probe had a central .measuring cell which w’as water-filled
jand  two Qas-rillad guard’ cells which weré¢ intended to
reduce the _end effects of the central unit. After this
probe h.ad been in use ‘for several years it becamg Spparent

that disturbance of ‘the borehole walls had considerable

1' effect on the ptessuremeter results. During the “1960"s the )
self-boring ' pressuremeter ’(“SBP) was developed. ‘I‘h‘is
instrument greatly reduced the. unloading and reluading..
effects of, Menard's probe. The SBP is used mostly in
tine-’gzained materials. Also around this /psriod, a

N one-celled ylater.;filled press} 3 was T , “this

son'xew.ha: ‘sippler. device has been used extensi"ely in rock
) mechanics\.

Not oply has the ptessugen‘ieter'ev'olved as a piece ‘ot
equipmerit but also thelanalysis of the pressuremeter curve \
and the ‘types of tests ‘have under gone chanr}es over - the
years. Menard made use of Lame's elastic thenry and
Bishop, Hill and . Mott's (1945)- el@stic—plastic theory for

\
>/me('.als to model the soils reaction. In his analysis of the




pressuremeter curve, the pressure liiit was related 'to, the 4
3 yield strength of the material. He alsc’ tried to apply
Tresca's and Mohr-Coulomb's  failure criterlén.~‘ From a
number of field load tests Menard was -able to construct a *
series of design equations and charts for the p’ressuremeter.'/
Over the years &ttempts have been made to detemil;a the
cohesién (c) and the angle og internal friction (g#) of the %
" soil 'from the pressuremeter results and thus determine the
shear s‘trenqth of the soil. Progress was made when Ladanyi

& . . .
(1963), considered the volume change of the soil- due to *

ion and  ail . In 1972, Raguelin, Jezequel

an,d v!ame determined thé shearing resistance (cu) of the
s6il. It was fcur‘xd’ that the .volume change of the soil and
the pore-water press\ires were both important.

More recently, many creep and relaxation test‘s' have
been performed on soils to evaluate long-term effects”of . i
loading. The use of computers has also maﬂde possible the
refi‘;ement of tests result '1n§.erpretation. In i,the past’
decade ; considerable amount c;t work has been concentrated
on"the pressuremeter tésting of permatr;st and ice. '

I1.3.2 Description of Apparatus . -
There hre several es of pressuremeters available on
the market today. They basically all consist of three

parts:. the probe, the cont’rol unit and the tub?lng. ‘whe;‘

/ E
inflated under p the probe in the borehole.
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It can be single or three celled.
The tubing ‘allws the fluid, either compressed air or a

liquid, to connect the probe to the, concrol uni\:. From the

ccntrol unit the amount of fluid and the pressure of “the

tluld in the probe and guard cell if present are monitorerl.
The liquid may be injected into the probe by a-hydraulic
actuator which also digitalize the volume.

Furthér advances have been made in the equipment

\ = o - .
inc;ud\ing dif!grant versions of a self-boring pressuremeter

.that have the ge of soil dis ge.

typa. u\t equipment is based on the measurement of ‘the
diaﬁet§x‘ ‘of the borehole ‘using i.VDT's (1inear ’vé}:iable
ditterential transducers). The _equipment used in this work,
" called the Texam pressuremeter, is a sin_gl;-celled unit and
makes use of a mechanical actuator in lieu of the’ compressed
air to apply the fluid press\\u‘e. v
+IT:3.3 Operation and Calibration of Pressuremeter

Priorl to using the pressuremeter in the. field .h'.'has to

be saturated ar:d calibrated. The operation, calibration
amd tes’t‘: performance of the Texam pressuremeter is derived
from concepts comniony to several typas .of pressuremeters.
The' pressuremeter is initjally assembled as shown in Figure
2.3.1. To ensure meaningful pesults all air must be removed

_ from the probe, lines and gauges.
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Figufe 2.3.1

The Roctest P: uuz‘nm!‘..‘é
(Sols Soils, 1975)
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T £luid is first drawn intd the actuator, then into
D all the 1lines.  The ‘fluid is 60 percent ethylensé glycol and
40 'percant water; which should stable to -5A‘deqxeas c. .

The 1inaa are checked to ensure S/hey are hubbla free. Once

the probe and tubing is attacth to the control box, they
are fillell and the entire systim is saturated.
i
The pressuremster must bd calibrated at the temperature

-~ of operation to take into acdoult two corrections. (1) The

. pressure that is applied td the soil or ice is less than
that-measured in the probe due to the fesistance of the
Jzubbet membrane. (2) The volume of fluid in the probe .is‘ T
less than that measurved_‘!rom the reservoir becéuse of the
expansion of the ‘plastlc tubing and “éimpressian of the '

¢ nembrane and tﬁe fluid.

To perform a correction' for membrane resistance the .

5
3
I
4

prnbe is placed at the level of u\a _pressure gauges and.

¢

inflatzd in steps of constant volume, whiie recording
MW pressure. After the maximum  volume is reached thd probe is

deflated. The pressure readh‘l’gs from this curve must be

subtracted £r9m the neasured test pressures at the
corresponddng ;/olumes. ) v
To perform a volume corxecticn the pressuremeter and
_probe  are ﬂrst'saturatéd.. The probe is then placed in a:
rigid steel tube, The pressure ié increased in steps and

the  volume is recorded after stabilization. When the

“pressure reaches 10,400 kPa the test is stopped and the




’

fluid is removed from the probe. _A curve of preséure

versus volume shows that once the membrane touches  the -
sides of the casing the pressure very quickly increases with

the volume.

. II.3.4 Performing a Test )
/ The first step in conducting a test is to drill a
 borehole in the soil, permafrost or ice. The borehole -~

diameter should be . as close to the prubé diameter as

possible. 'Ehe bo:ahula wallazshculd den 1y he smooth and
w;::hout x-idges, the surrounding material” heinq undist{grbed
and the hole vertical. -Various drilling methods can be

used as long as they meet the 'above censtraints. + The

selE-boring pressuremeter has the ad antage that the  hole

" -lrsize is cofrect for the probe and there is littlg mateiial

disturbance. <
once the hole is made the probe should be quickly

lowered intn place thus- 1imiting- the fexpansion of the soil.

Time is then allowed for thermal stabilizgtiog of. the ,prob'a :
in ice'type materials. 4 _v "
There are basiqgliy two types of essuremeter tests;
: . the - stréss-controlled test and the sfr:tl'n-contrdllla tept. o

In the stress-controlled test the' pressure is quickly

_increased to a predetermined level and maintained at that

pressure for a period of two/ minutes for a short-term tesf,

after which’ as volume measurement is taken. \Thé préssure
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. is then increased to the n level. Ten such steps are

completed or to the maximum volume of the probe. If an

estimate of the pressure limit can be obtained before the
test, it is ccnvénient to divide this pressure into ten
increments; 'Piots of the pressures and final volumes
delineates the uncorrected pressuremeter curve.

‘The second type of test is-strain-ccntrollad. In this

test the volume of‘:, the probe is increased in 20 equal

- incremehts to the probe's capacity (1200 cc for the fexam—— -
preésurema;er). dj{m minutes after each volume increase the
fzressuxe ;t the fluid is r}_’b(f:ed. Once again pressure versus

' volume curves are plntter;. In order to test the material
over its elastic range a’ cycled test may be used. After a~

* test is Vcompleted the fluid is . pumped back into the

reservoir so that -the probe can be removed from the
borehole.

The stress-controlled test can also be adopted to
perform creep tests on a material’. In this test the

pressure is held for much longer periods of time while

,"'\ e . volume measurements are taken, this test can be single or
v 5 ' F / . .
” multi-staged. = ‘Relaxation tests can also’ be used to P
\ N . 7
determine creep characteristics of the material. During

‘these tests _the surrounding material is loaded and unloaded
' by removing fluid from the irobe.
The correction of the raw pressu‘remetez" curves is

completed as follows. First, the volume readings are -
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2.3.2.

reduced by the volume correction (from ' the. 'volume

calibration curve). -Theén the volume 'is ¢

into the pressure calibration curve. The membrane-—
resistance derived from this plot is subtracted from the .
test “me pr is simplified by deriving

equations for the calibration curves and using a simple

calculator program. .

1I.3.5 Interpretation of Test Results 7

The corrected prpssuremeter - curve is .ordinarily

divided\;: three distinct sections as shown in Figure
e initial por\flon of the curve corresponds to the 7
expansion’ of the ptobe raqui.red to :eatore the pressure to _ ’

that prevailing in the ground before drnling. From this' « o

information the initial ‘volume of the cavity can be -
established. The curv"e then approaches a straight line
portion. The pressuremeter modulus is determined Erom this
pseudo-elastic phase. The end ér the scraight line segment
is designated by the accelerated pressure 1ncx.-ease.» As the
material being teséed begins to creep the curve bsnz/ig until

it approaches an asymptote with the pregsure. The pressure

limit 1~s defined as either the pressure at Which the- init‘:inl
volume of theé cavity is doubled or the asymptote pressure. T

The net pressure limit (pl) is the pressure .limit y(pL)’/ T
minus the horizontal pressure /at rest‘ of the ma!:arial (po')', e

(le. pl = pL-po). s

66 . . . -




Volumetric o

Expansian

kg 1
initial| pseudo-elastic Plastic™~
* phase | phase ph

vE
vo y
T Pressure
Po e BE. PL
original creep limit pre.
horizontal pressure P
pressure ¥

Figure 2.3.2

Corrected Pressuremeter Curve
(Sols soils, 1975)

The pressuremeter modulus Em is derived from the radial
expansion of a. cylindrical cavity in an infinite elastic
medium. After Lame Gm = Vm AP/AV
7 Gm: shear modulus %

APp: pf - p : 4
Av: VE = Ve J
ve: vclume of cavity
Vn = (V£ + vo)/2 + Vo
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s,

_or Gm =Em / (2(1+V)]

where W= Poisson's ratio (0.33 to 0. 5)
Em: pressuremeter modulus -~

assuming V
-266[Vc+[1: vo)y [ ]
2 (VE -\yo) »
The preceding i on is an ’ln"‘work frame

for short-term tests; creep and rglaxaticn tests will be
discussed in more detail in the following section. "

. The shgar strength formulation was derived‘ for .the
case of tot_a'l stresses for the elastic and pl‘astic‘zones by
Stordal gt al (1985) ;nd are as follows.

4P / Su = In ey 6/Su) + 1 ‘ ’
R/ ri = (ev s/su)."“-5 ’ S
where ev: voi:xmétric expansion ! o
“\ -ri: initial cavity radius i

Su: undrained shear strength
R: radius, of plastic zone limit

" The strass-strain ‘curve as plotted trom pressuremeter
results réquues values of -ay (princ1p31 stress
difference) and %3 (shear strain). ILadanyi et al (1978(b))
provides these values as follows: o & ’

oy - g3 = 2(Pc,i - Pc, i+13 / [in@av/vV)i - 1n(AV/v)1+1]
where Pc.» gorrected pressure .-
V = Vo + av
i,i+1: two neighboring points on the true
pressur;inetef curve.
1,441 = 0.5 L(AV/V)i + (av/y) i+1]




> ot

The average plane-étrain éompressive stranq/th (Qés)' can
_ be calculated from the formula (Ladanyi, 1978 (b)).
¥Qps = 2 Pias / [1*- 1n(2eg)]
where Plas: 'ultipate asymptotic pressure, tzcm
extenm)ng aV/V = 1 in a semiwlog plot of

the pressuremeter curve.

eg: average failure strain in compression

A I1.3.6 Pressuremeter Theory

It ist of interast when analyzxng pressuremeter results

PP - understahd the hasics of t.l-/ theory behind the
‘,prassur'emeter.» Two frequently 'used methods _ct

| interpretation are based on theories b Gibson et al (1961)

- ) an‘d Menard (1957) which consider an ideally elastic
.perfectly plastic material. The following vork was derived

by Ladanyi '(1972) and combines the original Gibson theory

with a strain-displacement frelationship (Ladany.i,“'.:l.sel,ﬂ

1963). This- simple presssuremeter curve evaluation method

. hakes use of an arbitrary nonlinear soil behaviour. .

5 ' . In the fo].low;'.nq. descriptian the case for a saturated
. clay wi}bu aata_iled. Although spray-ice does mnot xeact
exactly 1iké this material, it will provide ,a basis for

7 ! understanding the pressureﬁeter theory.

& The can be

i ed a cylindrlcal cavity
i in an, 1ntin11:e medium expandinq rrom a radius of zero. The

LA . state, of stress and strain around the cavity is obtained by
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integrating the ' ’aq\.lil'ihri

.differential equation * and
assuming uylindrical symmetry with’no body torces. _ _- '
deg/dr + (0 G')/r =0 v % P L (1)
where: 03 and Tg are principal stresses in the radial and
circumferential dizections.
r is the radius from'the cénterline of the cavity.

In the field: of metal plasticity the sulutioxi of the
problem of an expanding thick-«walled c¢ylinder can be solved
approximate-ly for any giyen stress-strain law- for- ::he
material. Tf;i,i bis done by. ‘assuming tha.cyli'nder ’consistg.ot
many thin concentric cylinders, each cémply:ii\g !;o a commén )
stress-stra‘ih law:® Assuming a constant volume, the avetaqe E
strain in each cylinder can be dirar:CIy related to the
expans.ton ©f the borehole.  The cimplete _p‘;essure vgrsus
volume curve can be' derived by numerical integration of this
method. Consid‘ering the. medium is t;nmposed of, cyl‘lndars‘,‘ the
mobilized undrained, plane-strain compréssive s’;ren‘gth‘ can’
be expressed by: . - N .

93,44 = (1 = 934,440 (2)

.and the average shear.s'trairi by: J\j

Vi, = (61 = E3)d,in 5 i )

7 -1 :

Integrating equation (1) and substituting in equation
(2) derives: '

I° ) 1
0%,1 - 0%, 14 = ai,14i 1n(rm/iu) T s )]

= Given the boundary cnnditicns, the state of stress and
" CA e N &




strain around the 'cavity can be derived, then this equation
can us; the pressurameter curve to solve for the strenqth.

qi i¥1 = (O%,i = 0%, 4+1)/(1nxy, 49 = 1nry) (5)

The denominator in equatinn (5) can be wrltten in terms
of ‘displucement
Where a = current. Borehole radius and varFes from ac, to a.

= the radial displacement. 1
2 4

Iif .r=:g+ur

Where ¥* = the radial distance to a point before expansion.
‘r = the radial distance to d point after expansion.

Then (r/a)2 = (1 +uy/r*)2 / [(1 +uy/r")2 - 1)

Usiflg the simuax&ty principle the relative displaceiient
caused” by stresses (;r, i+ O%,i+1) cah be considered as
relative expansion _produced by, borehole pressures (PivP1+1)~
Thus (1 + u/r.), =(1 +aa/ag)y =1/ (1 - atuey,
where Vo = ag2»L,(initial) and v = a%rL (current)

5‘0. 1h(!‘1+1/r)&5 AIn@V/V) 3 < In(AV/V) 149)
A «
s Equation (5) becomes:.

'!1:14-1 = (Pi = Pj.u.) /0. 5I1n(AV/V)1 - ln(av/v) 1+1l (6),

Equ‘ati’on (sj allows thé average strength to 'be

determined for any two points on the pressureneter - curve.

The average shear strain ( 1)'1, ’fi.u) corresponding to the

upplied pressure (Pi+1rpi) can. be computed in. a vai.milar

. ' ¥ 7 .

&

l
.
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fashion as that for displacements. T

Assunming 1-‘ (a/r)? it follows that 7' =AV/V
Pi,441 = 0.5LAV/VI L + @V/V)141)

(7)
, .
For the practical .‘computation, ‘the results of the

pressuremecer test are plotted as a co:racted p:essuramater
‘curve with Vm = f£(po), where Vam is the total volume. The.
strength evall‘uatiun method uses the-true pressuremeter curv.e
of AV = f(p). = d ' ’
where p = P - Po (Po 1S the origi<a1 g‘r‘aunﬂ pressure)

AV = Vm - Vmo ‘
Vmo is-the volume injected in the probe.to attain pd = po

V = Vempty + Vm ’

A plut of log(A\{V) versus p previdas a s-shaped curve. ;
_The pseudo elastic portion of this curve can ha used for
. strength determination for normally-consolidated clay, whifh
‘thibits “plastic strain-hardening behuv}.our. éor ovenx-‘
.. consolidated c¢lays tha,slopq. of the pseudo-e’lastic‘ portion
of tha/nciﬁhal’ pressuremeter cuw§ proviﬂeé the best estimate
ﬁ;assuremeter modulus, by the equation E = ’3Ap/A(AV/V) .
The upper, pseudo-plastic, part of the semi-lcg curve shows
the strain -softening o: the material. 'J.'he pressure limit can
ba darived by hxtending the curve on Ethia' semi-log’ plet.

From' equations (6) and’ (7) the stress-strain intnmation on

the test can also be calculated.




I1.3.7 The Pressuremeter in Ice

The has been 1ly -us,ed jn the

g testing of ice since the late seventies and in the téstinq

ot‘pem&frnst and ice-rich soil for several years previous

" to that time (Ladanyi et al, 1982). There are basically two

‘A

types of tests that have been performed in ite with the -

. ,pressuremeter or borehole dilatometer; the short-term

Pt »
,s\:rength tes\‘_ and the long-term creep test.

The short- term test consists of 1ncreasinq the pressure

. in\ the probe until the volume limit of tfe cell i} reached - %
in & series of 10 to 20 steps. e short-term fests can
- either be stress-controlled or strain-controlled as 3

: descrﬁbéd “e;ﬁlig_x. After each increment the pressure is
held while yolume readings a'rg recorded for two minute;.
From this type of test the following information cap be
obtained; Younq s modulus and the 'dtress—strah} cyxve ixjn
.com;;ressmn, the minimum tensile strength ‘and minimum

ccmpx:essive stress normal to the borehole axis. *

Hichel (1986), kva report:ad on a series of high rate
\'": pressuremeter tests conducted to “verify, the. crushing

sttangth of ice. He made use of a high pressure rock

o
téstinq instrument tc perform the;e tests which was well
¢ '

suited o the cold envi: ‘and ing ing

:
conditiuns. He, considerad that under quick loading

conditions the ice can be treéated as an elastic material

. ey 73 ’ . =
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“until failure is initiated atwhich time it behaves as a
perfectly plastic material. : ) ’ .
¢ Several hundrel tests were performed on lake ‘ice near
Quebec City dut’f‘nq a three year perics, the ice included
;O snow ice,’ columnar ice Pnd supeximpbsed 1a‘yared ices” Table

2.3.1 below, ~illustrates' a stmmary Gf the test resplts.’

_ From the ' results it was found that:

- »r/(‘l) Ti (;hea; étrength) apd Py (yield pressure) are lower ‘in
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i . Table 2.3.1 i ' ‘.
4 3 Summary of ‘High-spé_ed Presau‘reme;ter' Test Results
« (Michel |et jal, 1986) . PR




the T1 than: in S1 ice.

(2) The dniaxial strength of the ice can be related to the .

- shear. stxnngth by the ~formulation: .

0%-% 2Ti/ Ci where €i is a coefficlent that varies between

=

S . 2.5 to 4 dependinq'on ice type.

(3) The position of the probe in the ' hole.whether it was
Tose to the surface or not did not inﬂuemce the resqlts.‘_,,
(}4) Tests indicatad that the strength was Kstrﬁngly g
intluenced hy strain rnta und tha hrittle rnnqe started at a
strain rate of about 2x10E-3 s71. R i
: Ladanyi has reported "on a series of short term

pressuremeter tests that were completed near .the commuqity

. of Igloolik, NWT in 1977. These tests were performed with
type G Menard pressuremeter on cniumnar—grained sea ice P
which was approximately 1.5 m thick and at abéut -4 degrees

_c. fable 2.3.2 shows the results. R .

The values of Michel's Py, (5.3 to 8.2 Mpa) yield

pressure compares well with Ladanyi's Pi,as, asymptotic
‘pressure (4.2 to 6.7 MPa). . The discrepancy may-. be due to

different tﬁes of ‘tests, ice types . or ice temperature.

T}xe second type of ptessuremetsr test beinq performed *
JAin ice is the 1ong-tam creep test. This test will prcvide
in!omatien on the g.nng—tsrm bearing capacity of ice covers
q;:' on the effect of permanent’ ice. loading ‘on varéical
structures. 'rhehre are two Eypes of stress-:o’ntrollegl tests

,that are usually performed ,these are the . one-stage and
i ,
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Table 2.3.2° . ]
Short-Term Prusurenel:ar Test Resulta in Ice-
s 1 . (Ladanyi et al, 1978(b)) 5
’ 4 im}ti-séage creep test. In the -linqln-ﬁaqa test  the - 3
préssure is rapidly to a % level 1n the R
' prabe ai\d maintained as long as ‘the volume  capacity of the
-
ptohe/ allows. ~In the multi-staqe test the pressure is¢ ~ M
; & 2
1ncreasedv in several steps. Durinq -acbstep the pressure .
is hslil for 15 minutes or more:
strain-cnntrolled tests’ may\alao be performed but t}'ni;
intarpretation s more complex. ~ These reluxaticn tests
[a allow for thg dotegminatien of cx‘oep pax-umet:ara while',
' ., providihg ndaquuta test ‘time’ andyprobe aapm:i'ty. k i \,‘
¢ ; -
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' long-term creep test-s diring the experimants in Igloolik jn’

and determining its constants. The problem is defined as

- the creep from the internal pressure of a cylindrical

cavity of infinite length in an infinite medium. The

formulation most often efployed’ fot frozen soil and vice_‘is
the generalized Andiada creep law which has the form: . ‘
£e® = (Eo/D)® (G/aa)™ 8 .- '
whera- 13 ec' Von Mises dquivalent creap strain

Von Mises equivqant creep stress
reference stress -

arbitrary strain rate .

. t: time \
N n, b: creep exponents -
(Ladanyi, 1984 (a))
The parameters n, b and 0¢ can be determined from graphical

procedures performed on the creep test data. If the failure

strain is also determined this provides information on the 7
variability of* the ice strength with strain rate.

Ladanyi performad a numher of staga-laaded and

1977. . The results of these tests are shdim in Table'z 3.
It appears from the results \:hat the-exponent 'b' increases
with increasing stresé’ level, and decreases with. time in
egcp.stag\/. Th-e exponent n! was close to 241 . which
ccwras o findings by Gold (1965) for columnar ice of 1.5

to 2.0 in primary creep and 3.0 in ﬁtaady state creep.

9 In 1979, Ladanyi et al rsported on a mm.ber: of v

relaxation‘ b tests that were performed with a csM S

prassuremetar cn fresh water ice;, The CSM'cell was

7




g . -
Long-term parameters

Test [Time |Average| p. Cree b NI n .| 7
No. |.per [Loading 1/'"“" P 2 ( ) (aver. &
stage| rate range range at 15 L ‘-!"
Sy Y 4 ! min)
min ' [kPa/min| MPa MPa
.3 15 - 3.443 |-~ 3.443 0.941-0,787 0,941 . = -
4 15 33.3 | 2,989 .|0.996~2,989:| 0,222-0,933 0.933|1.540(0.104
5 1s - 713,475 3.475 1,000-0.917 {1,000 = -
6 15 33.3 |.2.987 | 0,995~2,987 | 0,615-0.840| 0,713 (4.010|0.494
% 7 720 { =" |1.494 1.494- 0.620-0,420( 0.620| "~ t-
) 8 ool = |1.951 .ﬁ | 0,769-0,526 | 0,769 - ="
12 715 13.3 | 2,388 [1.193-2.388 | 0.580-0.905 | 0.745|2.175 0,436
v -13 30 6.7 | 2,188 (0,99 +| 0.698~0,929 | 0,7062.048 [0.634 |-
14 15 | 13.3 | 20388 {0.903-2.388 | 0.669-1.000 | 0.805|2.054 |0, 325"
- 17 15 13.3 2.189 (0.994-2.189 | 0.733-0.882 +0.842(2.145 0.184,
18 120 - 1,923 1,993 ' | 0.828~0:627| 0.828| .=, -
20 300 - 1.595 1.595 0.740-0,669 | 0,740 - f-
22 20 - 2.479 2.479 1.000-0.813}1,000{ - - 1
Y Table 2.3.3 .3 1 ©
N / :
Yerom p Tests on Ice

ng creep 3
(Ladanyi et al; 1978(b))
. 3 -

dev_alop;d for testing rock. It can be used for stréss or

s'tfain-coi;trélled tests 'and has a higher pressu;e, capacity ',
than the Heaard s)}scem The tests were perfome/d in‘a..54
cm diameter cylinder ‘of ice- dith a lenfth of 40 cm. The
relaxatio?\ tescs perfomed cansisted of a 12 step . volume

_increage with each step being follcwed by a relaxation

_stage of 16 m’inucasl', durir'\ql which pressure readings were .,

. . ) 7 . o

recorded. ,These tests resulted in a set of isochronous S

3 4 ot ¥ :

pressure-volume curves as shown in Figure 2.3.3.
& < : : N \

. . -

b . " A 78 " s s \
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Figure 2.3.3 N

Relaxation Test on a Fresh. Hatu' Ice Cylinder
(Iadanyi et al, 1978(a))

'rhesé curves can be xnterpreted in a nanner similat to
thé craep curves. to detamine the deformation modulus and
the compresslva strength versus tius and the stress-strain
curves for var;ous time- steps. It_: is more difficult to
calculate’ ‘tha cree'p. pafumaters from this type of test as
the initial elastic state is not known. An approxi;nata'
solution similar to that dﬁrivéd by Vyalov et al (1966) for
79
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the advantage,f:hat it is/n_lore gene; 1 and takes into‘

. exact creep parame{ers. % However it does. not account for the

the compressfon testing of ice has been employed. . More
recently, an exact salu:ioﬂ has. been adapted by Ladanyi
(1979) from the power law creep equation developed by spence

et ‘al (19\73)> for kinematically deteminute structures

includiné a hollow sphere. .
Usinq the approximate solution Ladanyi tnund the |

Iallowing sets of creap parameters trcm ‘the | ralaxatian

curves for a strain rate of 10E-5 min'1 =Y . "
|

(1) In the lnw strain. region b= 0. 1389, n = 1.095 and, Te =

é2.39 ‘Mpa. | . o < g

(2) In the midc.:lle strain region b = 0.28, n = 1.75 anals w

7.49 MPa. cyo '

(3) In the hig}’x strain.rgqion b = 0.4247,‘ n=2.4 and0c =

0.4247 MPa. -
Ladanyi‘ (1978(b)) makés a comparison between, the

Qppro—ximate gﬂd exact solutions for the ralaxaticn curves.

The comparison shows that‘the\ agreamant incraases with-

decreasing creep coefficient 'n'. The exact snlutxon has

. » . R
account the rate of loading .and the evantual non-unear

short-term respor\se of the materlal thus prx\viding m‘ote"

effect of previous’ strain higtory in sﬂaqed tests nor
provide information on the unloading Young's modulus.
some work has been dona on comparing the ralaxation\

parameters to tha creep parameters by Ladanyi ‘(1982) in

o




« B q - -
' ice-rich permafrost. It was found that.the relaxation tests

give slightly lower values of 'b' and '0g' and higher 'n'

values than the creep tests although within acceptable

agreement. The difference . may ‘be due toi the different

types of , tests, _the different edquipment, theoretical

’ consideratiens or l‘.he limited  number of tests conducted.

It was generany found that both: t:ha short-tem and
1cng-tarm tests provide valuable insitu infm.-mat:.on .on the
mechanical properties cf ice. However tests must be

\::bnauc'ted with. proper technique and care taken in their i
. nterpretatian’/and-in predieting long-term behavior.
> - I ~




The specific obje::tivas‘ ‘of this present work were
outlined in the introduction of this report. They vers: (1)°
to p’r’ovide information on the behaviour of spray-ice and"
consider how %t is best represented as an‘ énqinaexing
material, (.z) to add to the exiscinq duta base on' the
material and to evaluate a means of pertorminq insit\l and
° iaboratory tests on' spray-ice; (3) to assess the production

of spray-ice in the laboratdry and tne tiem..‘ -

- |
The need for ly led i on on spray-

ice properties and the hiqh costs of fneld tests lead to an
experimental program at M.U.N. in wnicn a series ‘of tests
have been conducted o‘n laboratory made spray-ice. "In
preparing the testing program it was impdztant that the
.labo‘r&tnry results could be cor;Elatgd‘ to previously
attained information. Also the’ type lof tests chosen should
provide the qre‘test information "cm spray-ice str;ngth .
characteristics. It was .there:orgf decided to conduct a’ ;
series of triaxial tests on laborat Ery nade spray-ica.

The Texam pressurameter was qelected for conducting
field tests on spray-iqe due' to its operating advantages
.previously mentioned and because a( fair nmounc of work on
pressuremeter tests in ice -has heenf’ publlshéd\ The snma type

of pressuremeter tests were also jerrorinaﬂ on two, types..of

sea ice and the results were coi paied with. those of the
e -~ .




| pray on of sh: ,‘ i was evaluated on a

na‘ll,—sca).e in the. iab_orato and fuu—sca'le thx'onqn.a

; -project conducted by ERCL in Calgary, Alberta. iridltional

¥ ’ information on the ice tested was provided by “a
crystallographic study of selected samples. . . v

-

3 Through. the above testing a’large

" .~amount of information could be attained on spray-ice and the
v

objectives for the pre‘éai\t work could );g met.
R s A
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IV EXPERIMENTAL RESULTS
.1 mmmmm_mnmm ~ .
.11 Introﬁuctlon N -

During the cauxse Qf this research three field trip‘ ..

were - undertnkan with the pressuremeter. Y;ﬁ Tmn

' by Ltd. vas used to
evaluate ice in each. case. A total of thin:y-ssve}: teat:-

were condu:ted; 13 strenu and 24 sttpin-conttoued telts. '

Presented below is a dascriptiun ‘Qf the uxpnriments and a
summary ?f't_he results. I:'l Appendix A the vesults corrected
and uncorrected for pressure and volume effects are detailed
along with the spruy-ice ca-rectad curvos for a‘pray-:\ce, the
calibration curves and an account of the keh core ‘amplan
retrieved from each field trip. 25 o

* A table of the xpsulu is provided far ¢ach ot- the ﬂa]:oi
experiments condicted. The " tablés shov test oondltlcns n'
wen as values for the pressureleter modulus’ and preauu:a
limit. The modulus was derivsd from the corrac a
pressuremeter curve by the ’fonula _out!hed in the-
literature review. The pressure ljmit was taken as. th;
asymptot;a of the -cbrrected  curve. : Adﬁitiona‘} .Atrang&
properties war.e' calpulqtad f'xom &a,_‘spxjay-ice data, to
ar;able comparigon with pressuremetgi test reéhl‘.‘ts\gfop_‘ the

literature. . EE B2 . . .

The pt . gt " ion ¢ streng (-n) and
the pressuremetar urushi'nq strengt‘h (dop) were darived fron

.

i




the formula provided by Michel (1686). "

% 8 oo
. T1.2 ap/{Aln (AYVo)) v P -
U'Dpw z'n ’

whsra- Ap and-av from the slape of the corrected curve. -

Vo 1is the initial voluma \the prube. S
* ‘ .

# IV.1.2 LIMEX Experiment E s T~

#'. LIMEX or the Labrador Ice Margin Experiment was a -jaint .

. T ,govéingi:ent; industry and university venture in which ~an

B extensive set of data was collected on the physical

processes; and the natura cf the ice pack in-the marq\.tﬂal

ice~zone. In crdgr"to cond_uct drilling operations mor_e

safely and efﬂciem:ly 1 land, : a’

k'nowledqe ‘of . the ide ﬂaads and the behaviour\and properties

of the ice was necessary. It: was am:;cxpated that dxxect

of ice ’ with the pressuremeter would
< increase the limited wak‘ple i}; ion.. The,

was conducted. from the

ast guapd ship the CSS Baffin, in.

March, 1987, along the coast of "’ land as

depicted on the map in Figure 4 1.1.

» ‘ In\p\paratlon fnr de\garture .the' equipment was .
> assembled, ' calibrated and tested in ‘the “laboratory cold
\ ' room of IHD»' (Ihstitut_e ot Marin'e Dynamics).  The -

\\ ‘- " pressuremeter and Probes . wvere c\‘al‘1bx.=ayted’ﬁat various

N ~

femperatures in the laboratory before and after the cruise,
as well as on board the Baffin. To check the operation of
‘ i S S o 8 Lo
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.tha’ ‘pressuremeter and augsr, several actual tests wereé
;;érforxgeq in an ice~filled barrel prior to &IuEx. :

gy i ] .
To perform a test equipmeg: and personnel were lowered

over'the' side of the ship onto'a selected ice floe.

70 HALIFAX,
AL :74‘ .
NOYAS! A/ 45°30'N
v oW W W

) Figure a2 Q
o Path of CSS Baffin during LIMEX

Initially  thickness measurements were taken across the floe.
to.ensure adequate depth for testing. A 75 mm (3 inch) hole

wag théﬁ'augered into the ice and ?The probe was inserted

86




\to a\depth ’of approximately 150" mm  from the sur!ac .. Elevan o

straln-c¢nt‘:ollad tes\:s were paxtomed duxing the : cruisa-
nine vertical and two inclined '!.‘ha thsts. w&re taken to the’,
maximum volume of the probe, 1200 cc, 1n£wenty steps at a
stxain rate of 2x10E-3 s~l. For each step pressure readings
were recorded at mostly 2 minute intervals with 3 or ‘
mmute measurements taken when possibla.

A summary of the pressuremeter  results is shcwn"in

Table 4. 1.1, _with a typical plot of the corrected

pressuremeter curve in the Fig\xre 4.1.2. It is" 1ntereatin€/
to note that the inclined arientatial\tests (test #3 and.
test #8) ‘produced tha hiighest’ pressure limits and qenarally
qreat;i pres?»r’ﬂa;elr .mcduli. The' values lfor -the

pressuremeteér modulus varied from 31.25 MPa to 8.18 ‘MPa with.*

an .average of 17 'MPa. The pressﬁre limit showed . less. ...

variation than the modulus with a range of 790 to 470 kPa

and' an average Of 654 kPa. The range in the' results may be °
partially due to the d{fférent types of ice encountered in" |

the field. The results of the tests #5 and #6 are not™
~

included as the prohe most likely penetrated the thickness

of the ice .tloe.

" After a test was completed & 100 mm (4 inch) diameter
core wa% taken clnsé to the test site with a fibgrqlaﬁs
CRREL ice core;r,‘ which was driven by 2 g’as power.head. T’ e

core was examined for ice type, condition and temperature

_on site then packaged in polyethylene sleeves and stered in’

8T
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Summary of LIMEX Pressuremeter Test Results
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i 5 ; - ) P .
;" insulated . b7aé in  th@ shipis cold room until being 3
y tr,ansj)oirf:ed o St.John's, A salinity profile was taken on a -~
" selected core and is {llustratéd in Table 4.1.2. In some )

; ¢

—— cases more than one test v;z'gs ‘completed on a ’ floe or if-

led on adjacent floes by- simply

pussible ‘tests. were perfo:

moving the equipmem: to the next tlae while . the contrql .

box :emalned statinnary. As many tests wgre performed a_s\
possible during a given périod on the ice. When completed
che equipment and personnel vere retrieved by a eage ove/r

t:ha side of the ship.

“ice tested . during ' the _experi t va}iad from
.

consolidated brash ica to columnar first—ysar ice. The floe' |

= J ‘1. e depended on location Q‘;/was genera],ly less tﬁan 15 m
. %

“in diameter in the vicinity 3f the, ship. The floe e:hickness

was in the order of one. meter. In aoma cases it was‘

p anticipated .that floes we;:e rafted, no multi—yqér floes or

'/——gmwrars—vsre"—‘a—evx jent.  Cenerally the weather during the *

experiment was warm, hgvgrinq around 0 degrees ?,7 Twith

,fog, sun or rain. The ice temperature was ‘close to mélting

at abcut -2 degrees c.’ 5

’

A number of diffxcul‘:ies were encountered during the .

expex.-iment. Dne to the wide range in tests being conducted
X - it was not possible to have as much time testinq on_ the ice \

S voas anticipated. The cold %torage available on the ship was . . '

far from ideal for px‘operly storing samples. For £utpre Yo

work a small portable 1abcrator’w would be very useful, so

90




.
‘thav. sallnity tgsts ’ 4d¢compresaien tests en 1ca cores. -

_cant1nenta1 Shelf Project (PCSP) in Resnlute throuqhout the’

‘*way the control box and ' researcher could ha--‘l‘aomewhat

protected from the environment inside a ,& 'duf;knq the

‘tests were‘ completed during the-tripy One of each t){pé of

:ould be patfomed /L}nmediately' after tetr:l.‘eval. ‘,‘Tha
majority of the tests wera canducted on the’ ‘extreme icé
edge . where tha ice was disintsgratingv amc\~ melting, it
would be usdful to perform tests on the ice further into the:

pack. / '

Iv. 1 3 Resolute, Experiment i ¢
During April of 1987 and again in 1958\IMD ‘and .c-Core
collaborated ol ‘field project in Re/selute\ NMT! which was;

funded by N#RC. The researchers were basgd|at the Polar

experiment. The ' purpose of . this invastiqation was to -test
the mechanical propa}ties of _l:ha ﬁrst-year i;e' :Ln the qrea
.throuq}:i a vaﬂety ©of test setups. The piessurenetér was one
method used to prqdiét ice strangth. The genarali lccaticn' 4
of thi,s ‘field experiment is shovm in mgura a.1. 3. *

& The were conduc from a‘ camp set up on

the ice a few .hundx-ed meters offshore in a bay about 4°
kilometegs from PCSP. The preésuremeter tests were_conducted
A - g X

at random locations around one 'of the camp tents. In this.

course of the test.

A total gt eight s‘train‘- and eight stresé-cbntrgiled
2 . i



. )
p &y ~ Figure 4.1.3 =
& i S Location of Resolute Experiment
=N . 5 W g4 *
*, test, wds , performed horizontally into the ice fromthe side
of a trench. During the strain-controlled .tests the volume
was increased to‘ 1200 cc, the capacity of the probe, in 20
: ‘
steps and readings were taken at 30 s, 1, 2,and 4 .min
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1nte}va:ls.' occasionally othér intervals ' weré used. ‘ The

strain| rate during-these tests was 2x10E-3 s~1. If failure

occurred in the ice the test was stopped. The
/\s:.:ess-controlled tests were taken to a nxuu'n Aessura of '
8000 l'or 20000 xPa usuuuy‘fn ten steps or less if the

/ volume of, the px-oba was exceeded nnt. A sumry_, of the
results are shown in Table 4. 1 3, with exanples of the.

corracted pr&ssurameter curves daplcted in Figure; 4. 1.4. i

'n)e reaultx \shw, in qenerul, th. stress-oontrulled"

i3 B tests, gave htier values of _both pressure 11m1t (65%

highe{-) and. §ressuremeter modulus (10% highar) than the

strain-controned teFts. In thesa “testd orientatian of - the ;
probe seemed to have»\, little effect on tha ualculated ice
properties. The ;ralueé for the {:uluw from _11@7 to

. "61.3 MPa with.an ‘average of 90

g a. The pressure limit was

found to be between 3.1'and 9.15 MPa with an average of 6.5

MPa. No pressure limit or modulus values were.dttained for

tests| ii and #2 because of equipment problt;na.,'rhe crushing

pressure ranged from less than 00 kPa to over 4500 kPa.
v"‘rha- ice around the r:amp was approxi-ately two meters
thick aml was columnnr-qrained, first-year ice; some rubble
m‘-'nd 1lti-year 1ca\’ existed in the area but this vas not
t;“este . The temperature at the camp varied from -13 to -32°
- éegre s C during the 10\? wéak'petiod, however: the ice

temperatute was more &ons: stent, trom =10 to =15 dagr{es e

5 During the field trip cnubrations were performed on
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Temeter Results

Table 4.1.3

Summary of Resolute Pressu

N
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/ ‘ ‘the probes, when the re cally. /A
? /lfmitedmer of core samples and several small block

saitigles were taken
stored in ’insulated boxes

John's.,” Salinity tasts were not -

X 7
close to theg test locations, these were -

outsida then shipped to St.

performed ' duri}\g the

-



axperimant, However, ptaviouu work nndertak ‘Igloolik .

-
(Ladanyi et al, 197!) bn sinu.n: ice nveraged a salinity of

approxil ly 0.4

Several probl&s were encountered during this project.

The cold temperatures caused a few concerns. The auger
T’ B

holes made for the tests were ridyed on the sides partly’

due to the auger but of the ice

temperature. 'rhla cnused the metal 5trips on the outside ot

the probe memhrann to deform so that the probe had to ba

‘As the” temperature-was low the fluid in tHe probe
became very viaéous ‘and it took an unusually long time to

datllge tha prope. Finally the num.bex of s was limited

hy the annunt of time it was possihle to spend performinq'_

pressu;:eneter tests when other experiments also had to be
completed. .

= = /\' "
Iv.1.4 Calgary Spray-Ice Experiment ’

During. the period from Octabox'\ 1987 to February 1988
Esso Resources Ltd. undertook a fuu—scale'study, on several
'féctors aifecting the material .properties of sp;:ay-lee.
Thl‘)s investigation vill be describ in)greater detail in
the‘ next’ section wnila the press remeter tests this
researcher parfcmad on the ppray-ice will be corisidered ‘in
the tollowing paragraphs. ' @ .

The pressurgmeter tests were performed at an Esso Gas

Plant located southwest of cCalgary.- The spray-ice was
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3 fi

‘to

“This .granular i‘ce vSriﬂeﬂ ! trom approximately 1..3 to O. 7
metres in qapth an& vwas a' coarse to fine saturated,
. freshvwater material The air temperature duz'ing l:he testing
period was +2 to.-la degrees € and gha ice tempernt:ura.
ho;v'ared a;ound its melti‘ng point. : ' s '
To »co;rduct a test- the thicknessA ct tie ice was,
initially checked, if sufﬂcient, 5 a_test was conducted at

the same location."h stainless steel’ 75 m ,(J inch)

* diameter. core barral .was used to make tga haIa. Thef core

barrel was driven by an electric drill . and had t:ha
adVantage of _r.ak;.ng an 42 mm (2:5 .1nch) diameéer core, at
the exact same 1coaticn of the prassurgmecer test. ,This .
_allowed the spray-ice to be examined prier to ~best1ng. In »
total five strain and five Bt;‘ess-ccntrc]rlad\’ tests we'x:p
performed . on this site. The “stress and strain-Gentfolled

tests were kepc in close proximity to each other about 0,5

The strain-controlled tests wex'e.‘c

completed in a simuar fashion, at the same strain tata
(2x10E 3 5'1) as, in the previcus, e)‘(perihents with readings oA

taken solely at o s, 30 8, 1 min and 2 min 1nt:ervn1=. ’rhe. L

stress-controlled tests 'had mxi\mm pressutes ‘of 7 750 ko

1,500 kpa w&th the same reading: intervals as the previeua o

tests. b o o oA e

@ .0 i 7
For these tests the pressuremeter modulus averageéd 3.82.

MPa_with a range of 1.3 to 6.84 MPa. On ‘average the 'stress- " o




controlled tests gave moduli values 100 percent hiqﬁer. than
the strain-controlled tests. The pressure limit values for
stress-controlled tests #6 through #8 could not be cumputed
due to the shape of”the corrected stress-straih curve. Far
tests #9 and #ro the pressure. limit averaged 800 ‘kPa, more
than 100 per_cgnt higher than that for the strain-controlled

tests. The low accuracy of this value is caused by the poor

shape ~of the 'curx;ected prgssurameéer curve. The limit

JPressure for the strain-controlled tests averaged 291 kPa

and ranged from 224 to 345 kPa. The values derived for the

' indentation fracture strengt'h_ and pressuremeter' cz'ushing.

g _were appr 1y 289 ‘and 578 kPa respectively.'

'l'he ratio of Ep/Pl is- sometimes wused in descr;bing a
matanal for these tests ikvaned from 9 0 to 18.3..
After the tests were completed 100 mm (4 inch) diameter

cores were takan'at each' of the five main test locations '

with a fiberglass CRREL core barrel driven by a gas engine.

Large block gamples were also -taken - from the site. °

Ccalibrations of thé pressuremeter were performed prior and
‘

' durifig the testing period. A summary of the results.is shown

in Table 4.1.4 , and an lréxample of, a corrected
pressuremeter curve is depicted in the following Figure

4.1.5. . -

Some of the problems encoéuntered in this experiment.are

-outlined below. As this testing was left until the end of

the experiment thekre was a limited time in which to perform

P’




. /
'
.
b '
i S 7 QLR ARESSTRDETE TIS1 LIS

to et Tt (g0 e Ogth e WA H
s i Ml ) =
v w4 A Y woosw om .
) e I T moo o ow .
IR ] oo WD e e
G 0 G0 G e et
S omam omas 4 0 P wuaf p{ e
Cmom s 4 0 s S e sty ey
S R B B S R © ey Ry
N I T A oo
Vo ke 1 j- W W UM @ .
0oy kw2 0 G W

Iyl e Hlg)e1 10

P cestrlon 1 6,581 Wl i kit
u i

lq o i e,
ot oy |

o i

et 0t et {n ez,

. Tle L14
Sumary of Calgary Spray=Ice Pressureneter Test Results

<

9

1

A




30030
°
o
<
@ 200
3
7]
£
100
r..r.-mv.ﬂr;‘vvv:v.«-“..vy....”
= o, - * 400
Volume (cc)
PRESSUREMETER TEST #3 '

Figure 4. 1 ‘5

. Fic
Example of calgary"’ Spray-xce Corrected Pressuremeter Curve

the necessary tests. Also the spacs avauable for the

© trials was ccnﬂned to a small area where there was adaquar.e

depth !n; the «tests. Finnlly some prahlems with equipmant-
were endured due to the desigh of the particular

pressuremeter.

SR




.1.5 comparisnn of Resultp

The results will be looked-at in greater detail in the

‘ : . section {Discussion of Results'. As a brief comparison, the
' average pres’sura limit for the Resolute tests was t';gn times

that  of the LIMEX tests and twenty ‘tines that. &f the
Calgary tests. The pressuremeter m‘m.iulus was approximntely

e fiye giﬁés‘ higher  in Résolute than LIMEX and aqaix:. twenty
times higher, th/an calgary. The digferencas between the

LIMEX and Resolute results may be the temperature r:ange in

which .the ice was testeds ~Also the ice was a s}iqhtly
different type as will be ,described- later. The calyary

tests were performed on 'sﬁray-'irle which h"a; a very different

structure and properties than- first-year' ice. = -




IV.2.1 Introduction ’ e
= < .
Esso Resources Canada Ltd. (ERCL) of Calgary and Exxon
\ 8 - .
Prod‘uction Research (EPR) of Houston, Texas have undertaken

a <full-scale sp:ay-icq ion test

; ) . \
Information on this project was derived from written
documents bhnd vVerbal "discussions with' Dr. Jeff Weaver

P.Eng. of ERCL and th 1 ions. The

purpose of this proposed three-phase experiment was tc

improve spray-ice 'construction techniques. The details’ of

the project are rot pias_er;teﬂ in this report as Ehéx ‘Ara_

considered confidential.. - - g
'

IV.2:2 Project Outline .and

.

ipment _ g

. This e’xpe_::imht was diVided jnto three phas‘e ‘objectives
by ERCL. The first pha'u was performed at the ERCL research

. facility in calgary during ncn-trsuing vuther condgcxom.

?

- same trials ‘on salt water spray-ice. After the test:

"l'he purpose was to study the relationship between -M'_hodu

of xyeducing 'watex drop size, water volume and‘ thrw

distance. . The second phase ;:aa conducted both” 1n:calgary',

and at the final test site duting cold veathar. The 1ntent
was. to examina tha ettect:.veness ot‘"snowmax“ in (kipq
spray-h:e trom trnh watsr tor a range in dropA size ‘and‘;

tamperutures. ‘The final phasé‘objective -was to perform’ the!

. . o = <
completion a ménitoring program was designed to exa‘mix\\e the'
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engineering behaviour and pgvpertias of -pray-ic;.

- The spray wvas prod\‘ic-ed by the high pre._u'lura pumping of
wn\ter into_ the "air thxouqh a nozzle. A skid-inu_,nt'nd,A
centrifugal .pusp was used. The flow through the pusnp was
measured with a !low _meter. - The compressed air was to be
injected downstrean of the pump. The '!urfactan‘t‘ and
"Snowmax" vera to be injected in the water intake 1line,
upstream of the pump inside a heated trailer.

Iv,.2.3 Results and Observaticns o
During the phase 1 program, conducted at the end of
Decemher; a series of  tests were camplated in which tha
‘nozzle _. type and’ quantizty of coﬂpressid nir vere variud.
- .The crfxals " were conducted over a tiva\\ minute pex'iod in
-which the following parameters were recorded: the water flow
'rata and pressun, “the ccmpressad air 1njection rate and
pressure, meteorological conditions, spray area autu.m,
water ‘dx-op size just before impact (by high speed
; photoqréphy) and nozzle configuration.
The phase two tests were conducted in January and early

P_e.brunry, 1988 during .nolder weathér. is ' researche® was

involved ' in ﬁo:klng for ERCL' during this portion of the’
~

'axperiment./ Three .types of npzzlés configurations vl
employed and the t"ests were’ partormad over,' a range in

‘temparacures tx'om =25 to ?10 degrees c. .

.
Daring the' early part of thau experiments  the
. v .

- - ) 103
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. éxpgr{mant . § -

'o‘peration wis moved !rom’trie ERCL research facility to the
site of an ERCL gas refinery abog& 75 km southwast of
calgary, near Turner Valley. The tests were conducted ovet
the refineries' cooling pond. '!‘h'is site provided more room
for the tests and. eliﬁinated the necessity of constructing
barriers around the tegt area. However it was not possible
to put addi_f.ives in the cooling pond, so the surfactant,
“Snowmax"™ and saltwater were not incorporated . in this

‘Ihrnughout these tests simi.].ﬁt meas\lreme'hts ‘were made
us in the ptev:.ous phasa wn—,n tha addition ot t'hs fcuowinq
obserxrvations: the. sprqy-ice build uwp, a qual;tative

\:escription of the spra\'y-ic?,'. the temperature- of the spray-

ce " just after impact, and “the ice content of the -

. g
spray-ice. Tests lasted for three to five minutes.

The pump and other equipment weré\’spﬂ: up on the bank

Vtacr:iinrg'thé short‘ axis of the ovél-shaped pond, aligned with _

the ptedominant vind direction. Stakes were secured in the
ice in a grid pattem over the spray area. They were used to
peasure the huild up of spray—ice as well as the spyay area.

A photograph of the test site is portrayed in Figure 4./2.1,

while Figure 4.2.2 depicts the spray-icé being formed. The '
2 ~ 3 ;

ice‘ content of the spray-ice was determined from calorimetry
tests performed on the ice collected after each trial. .
A few, of the observations made during the tests are

. . Ld
.outlined below. The nature of the spray-ice depended on the
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Figure 4.2.1
Spray-Ice Test Site, Turner Valley, ALT

temperature, the type of nozzle and the amount of air
introduced.. The temperature of the spray-ice on impact was
measured by thermocouples placed on the ice. The
thermocouples indicated the spray-ice temperature was 0
degrees C or just below. The ice content measurements were
a very good indication of spray-ice quality. The quality of
the spray varied over the area covered thus it was
important to average results, especially at warmer
temperatures and low ice contents.
The third phase of the experiment, the use of salt

water could not be completed due to the location of the
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site. The monitoring program was also not completed as the

Figure 4.2.2
Spray-Ice Formation, Turner Valley, ALT

budget did not allow for the additional expenditure.
However pressuremeter tests were performed by the writer and
core and block samples were retrieved so that further work
could be done at a later date by interested parties. Thin
sections were also completed on the block samples, these are
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reported on in a later section. '

. / .
.The experiment showed ‘that spray-ice Eouid + be — .

successtu}ly-made on a large scale outside of the arctic and "

its quality and 'valmkejx could be measured to a reasonable

s '
degree of accuracy. Thus it wag possible ‘to vary .the I

addifives or nozzles and determine their effect .in the

“temperature range of -25 to -10 degrees C. N v
¥ C - .
- . . %




pa's 3 .1 .Im::ﬁd\_xct:ion and Bquipment‘

% The intention of the initial phase of this expe'rim‘snt
was to determine a method bj which sp‘ray—ice could be made
. in the laboratsry' The re;;uirements of tha'opergg:iun were:
that a reasonable quantity of spray-ice could be made with~
each spraying"?:{at the spray-ice made should’ have similar
properties ‘as the material formed in the arctxc and that
the results should be repeatable. )

The spray-ice for. the experiments was made by spraying

saline water throuéh a .nozzle with compréssed ailx; into a

cold roem which was initially at -20 to -25 degrees C. 73|e

nozzle 'vas placed in a ‘port on the’back wall of the cold: "

room. Compressed- air and water vere fed to the nozzle from
7~ ¢ . =

outside 'the- room. The cold room measured approximately 1.2

by 2.5 m in plan and 2 m in height.

Four nozzle configurations were tried before a standard

was selected for the experiments. Three of the noizles had -

single orlfices while one had six. The larger nozzle was

in an to quantities of

* spray-lce during one session. * This nozzle was not
/satigfactory’ for these .exfleriments as high enough air
pressure could not,be maintained for all of X the jets to

- work properly. The other three nozzles had similar designs

except for/variatidmg in the intake.diameter for the. air
apertures. After testing the three noz:les, one

108 g ¥
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¥ ., spray resulps was noticed amonqs: the thz\ee nozzlas Tahle (£
4.3,1 delineates the dimensions of the nazzles ahd a dlaqw

of‘the selected nozzle is-illustrated in Figure 4.3.1.

- SPRAY-ICE NOZZLE DIMENSIOWS ' \ T D
" Nozzle No. éomprgssed Air Water Intake. Alr Lrifice ' )
i Dti:fica (mm)‘ Orifice (mm). > _‘(.nm)»_ ~ ’
: s ' '_4.00 E ‘5_422 ; 30616 . . ot
AR . 2 0 - 2,3‘-2.4 1.486 R PR Ty
fa, #3 © anst j./ 2.197 "/3’.607

. mable 4.3.0\ -
’snxay-Ica Nuzzle Dimensions

air intake
—

compressed
air orifice-

i I water intqke x

. 61 gure o1
v ,Spray-Ice Nozzle onﬂguratlon (scale 1:0. 889)




1IV.3.2 Spray-Ice Prgducticm and Results

The spray-ice produced .in the ‘cola room was created in
the following manner. Compressed air was ro"rced into “the
rear, larger aperture of the ndgzle at a constant pressure
of .550 kéa (80 : psi), and th_rouq:‘;;ction water was drawn up
through the iine running perpendicular to the :air flow."rhe

water used in the _experiment was a mixture of two parts sea

" water . to thrae. parts fresh water combined to give a.
) spray-ica salinity of between 7 and 16 ppt, which was in the

range of salinities found on spray-ice ' islands as reported

earlier .in Section II.1 of the literatura zeview. * The line

'zunninq at ap' angle to the’ tlow was left open to the

-amasphere'tc aid' in the dispersion and cooling of the

stream. . ;

Initially the teiperature B ENs;EG1d; Foon WA ifived 4L
i‘t‘s' lowest setting about =25 dlegrees C. The sprayin§
process cogtinued, .for 25 to 35 minutes, P‘ntil the room

tempe -15 c, at which time the air

pressure was turned off and the spray-ice was left to cool

‘for. approximately 30 minutes. The spray entered the cold

. room just belnw the air canditioning unit so that the water

qroplats were quickly caught in the £1ow cf cold air._ The

additional cooling from the air stream greatly aidéd in the’

production of relatively dry spray-ice. The spray-ice formed
covered three of the walls and the ceilan of the room.

After a. period of spraying the ice ‘was 'harvested' from

110




conducted with fresh water, once pleased with these.results

" saline water was used for the experiment. Grain size

descrlbed :ln another section.

vgreatly from one batch to the next. However the spray-ice

the plastic qpveréd walls with a broom and shovel and,
stored in sealed cortainers to help prevent sublimation. '
The experimental 'arra_ngement for making‘ spray-ice °
worked \;ery well for this study. The spray-ice mtiggconld
best be' desczibed as a damp to wet granular matarial, it -

wa’s‘not slushy or very dry. Initial test runs were

analyses  were ’perfomed or; thé spray-ice. Figure 4.:.2’
il‘]lust’rates the results of one 'suéhv test. It.4s evident™
that the muterial_ is less than 2mm in diameter and fairly
wa].l—sorted. A number of thin sections on the samples were .

performed «after ‘the triaxial tests were cnmpleted. They are
’l‘he spray-ice made in the cold room did not' vary

ézoperties in-situ change :lmmensaly with ‘climatic
con‘diti;ns, placement prdcé‘dure and location' with respect
to the water line. This study.dealt exclusively with fairly
dry, above—water—line spray- 1ce. b - ":
' During the test period the spray-ice. changed while .
Qtored in” the cold room. The spray-ice sintered, the grains
““grew and some brine drainage was noticeable. Therafore, in
5rder to have . relatively consistent Kamples-, befdre
conszructing aamples the salinity of th ice was cl}gcked,

y
the waterial was broken up by hand and it was sieved. '
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ability of the cold room to maintain the cold temperatures

. y .
The quantity of spray-ice made depended gx."e,at]y on the

MECHANICAL_ANALYSIS .
a i
3 b i A , Sisve Sizes - U.S._Stondard - flound opanings on 14" 8 lorqer
; Fulo¥e % ° % $2 8 g8 N
d = - 100
ol 1+ N\ 90
+ \ =
g0 b . [
+
t g -
+
1 60
P [ %0
40
7
7o) ; ,u
o) 20
\
90| \ 0
100} 2 = S °
° . e @ 3 8 3 FHE:
ol - Diamater ‘in Millimeters *
Goors [ Fine sons |50 iy
Aggregate I Soll Binder
g — ' -

Fig\ire 4.3.2
Grain Size Analysis on Spray-Ice

required. The $ize of the cofd room and the amount of icing

"on the ventilation fan also affected the production time

2 a\;ailable. It was found that heats sinks helped to keep
the room temperature low; conta‘ingrs of solid ice were used

for this purpose. After spraying for .25 to 35 minutes

anywhere from 15 to 30 litres of spray-ice was formed.
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A few difficulties -xperinm:fd during this portion of

5 the experiment were, keer;lng the air orit,.lce of the nnz]z].o

from icing over and ensuring that the water line and nozzle y

vﬁ‘ra ice free. As the col}l ."rocu was not very efficient it

was necessary to allow plent;' of time for the x'ou'n to coﬂl.

‘before testing, ‘and time for the ventilation system’ to

5 defrost after spraying. Due to these restraints it was only

possible to spray once a éay. Given a more :e].i.ab}e. cold

room the. production og spray-!.c‘a .v;uld ‘have increased
considerably. & i g )

T 113




N

IV.4.1 Introduction and Purpose - ¢ %
. After successfully nking,t;.he spray-ice, triaxial-tests

were performed to determine the material strength under

various conditions. To determine how the material changed

‘,,6var»time_, these tesfs were performed after the sample had

consolidated over a selected time psriarl: Tests were also
conducted at varying cell pressures to simulate conditién._s
at depth below the surface. Finally, a ll;ries of tests were .
qlr.mpleted at a higher texypazathra‘ and. at a highaz-’ stra

rate to assess the ’chanﬁes in’ spray-ice strehg;th- whén the

temperature or strain rate ;lare changed.

Iv:q.z Preparation of Test Specimens
The triaxial samples were made from spray-ice that was

first segregated and then sieved through a #12 ’(Lsé mm)

sieve. After sieving the spray-ice a sample was taken for

salinity testing. The results of salinity tests are shown

in Appendix B . The san;plles were formed in a regular

triaxial mold in much the same manner as - a sand sample ,

would be- forméd. A rubber membrane was placed ‘lns}ﬁe the
mold which was in turn put on the cell base. A partial

vacuun in the mold kept the membrane tight against the 1‘ncld”
walls during ‘toming .of, the sample. The spray-ice was.

placed. in the mold = in' five lifts and compacted with a

114 s >
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X
e cylim‘ie: of waod which Bad 3 dl’ans+x' lllqhtly less than
1 that of the -nold. An initial height to ‘aiameter’ ratio of
2:1 was chosen, with an initial bulk density of 0.650 g/cm3.
After the sample w;s formed the top cap was placed .en the
sample and the membrane secured vith‘ o;rings at both ends.
The following  photographs in Figure 4.4.1 depict .the
.equipment used to form the sa.mple.
IV.4.3 Test Procedure and Equtpment' 3
" . ; The l:x:iaxial tests were ‘performed. with .ntan‘da:d
triAxial equipmant: which incorporated cooling coils inside

the cell to maintain the required test temparatura. The,

Tt cpils were connected .to a Haak controller and iaath. _the
N controller circulated an antifraiielliquld and”held the
“bath  at a constant tmpai‘atu:'a within 0.17 degrees C.
During the tas; th; cold room was kept close to the test
teml)e:atuxa, vit:hil. 2 degrees C., The ::.!.1 was b:cughc to i
the precise test cewpentura of -10 or -5 deqrees c during
the constructldi of the sample. In the most cases the
-  sample began thcaconsolidation- phase of the testing
2 imnadiately after it was formed. 4 5
! -Triaxiu tests were paxfamed at two nominal, &onstant .
. strain rates n! 3 45x10E-4 5'1 ,and ‘1.78x10E-5 s~1l. The
actual strain rates of tha samples varied slightly due to

the a*curacy of the press and stiffness of. t‘.hanequipment.w

As the platana for the samples were - steel and the 1oa_ti
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presses were of high capacity in comparison to the ice

strength the equipment stiffness was not deemed to be a

Figure 4.4.1
Triaxial Sample Preparation
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concern.” Two pressas' were® used in th; presant study; the

faster tests were perfomed ona 55 kN capacity BLE, Hoskin
Scientific press, with the slowér ‘on a 1000 kg wykaham
!‘arrax‘u‘:e press. An LV% .mounted on the triaxial .rod
monitored the sample’ deformation during tests..The cell

pressures used for the tests were 45, 83 and 172 kpa (6,

“12, and 25 psi)e The cell pressure was ;&asured before and

at the end of each test with an accurate pressure gage, -and
cont‘inuous].y monitored through a coarser. gage’ lacaéad
outside ‘the test trailer.’ The consolidation time for the

sample ranged from _four hours to approximately’ nineteen

hours. - During the consolidation phase 'LVDT readings Qeke_

recorded on a variable speed cha;jt; voltage recorder, -and
noted @irectly from a voltmeter. £ tiha;'misg:or iocated inside
the cell was us‘ed to 'monitor-vthe cell temperature. The
expérimental set-up is illusirated in th"e photographs in
Figure 4-‘.'2‘

To 'perform a test, the sample, while on the base, was

weighed and diameter and height measurements were taken. The

sample was-then placed in the, ceiL The cell was filled with

& air to the required pressure and the sampla was allowed to

consolidate for the required time periad. The pressure was

: ‘maintained during consolidation and LVDT‘ measurements were

.recorded. After consolidation the press was startéd and |

rod friction recorded. During each test a chart recorder

monitured the wertical load through a load cell, and the
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Figure 4.4.2
Triaxial Test Arrangement
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LVDT deflection. The’ load cell was threaded into a hall
joint at the top of the test frame. A ball hearinq threaded.
under the load cell transferred the verticalj load te the
tbp cap and the sample. The data from each test was also
recorded manually at .t‘i)m-a periodé of 15 to 60 seconds.

At the end of test, -defined as being either vj.si?‘le
failure or twenty pergent strain of the sample, the press
was stopped and the sample was removed. The sample  was

again weighed, carefully ! and ' * Any

« pen:inent observations’ “its condition were also rascrded.

Four height and five diallster measurements wers t:aken " on

each sample ‘and the results averaged. - It was !inally
wrapped in plastic, labelled and stored at -20 degrees C in
a freezer. The measured t;nal sample height was compared to
Apat calculated’ from the LVDT measurements. This provided a

check on the results. . B
-

During the set up of the equipment several calibrations
were performed. Tha load cell was calibrated in the cold

room before and after performirig the seriew tests. The

LVDT used in the experiment was changed a’ fey t_imes)

initially dué to malfunctions; so . each one was ca'refuily

- calibrated. Finally the thermistor was calibrgted over'a

range of temperatures. All these calibrations are shown -j‘.n"‘

Appendix B. . § T

The triaxial te%ﬂgg,progra\n is' shown in Table 4.4.1.
The table separates the tests. into groups which ‘have’
§ A
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similar conditions. Tests number 1 through 4 were

preliminary trials and do not appear on the table. The
consolidatiém time varied to some extent solely with the
] Ionger period which was telt would not greatly chanqe* the

. test results. The -train rate as’ calculated from the LYDT
> g
y /- . _

TABLE OF TRIAXIAL TESTING PROGRAM . —

- Test No. Start Cell Pressure Strain Rate Consolidation Temperature
. Dhate ° KPa (psi) (1/8) ’H-a (hrs) (deg.c)

1.49%10-4 - 4,17 -16

1.51#10-4 - 4.10 ~10 i
1.45%10-4 4.00 -10
1.47%10-4 ., 3.93 -10
; 1.23%1044 . 4.00 . -10 &
1.48+10-4 4.00 -10 .
- 1.50%10- 4.03 -10
13 Nov.3/87  172.4«(25) 1.40%10-4 4.00 -10 -
14 Nov.4/B7  172.4 (25)  1.44#10-4 4.05 -10
15  Nov.5/87  172.4 (25)° 1.48%10-4 3.97 -10
7 0ct.26/87 86.2- (12.5)  1.21%10-4 19.00 ‘4 -10 !
g i 12 Nov.2/87 79.3 (11.5) - 1.53%10-4 19.03 -10 \
2 " 16 Nov.7/87 79.3 (11.5)  1.42%10-4 20.28 -10
. 24 Dec.4/87. 86.2{12.5) 1.40%10-4 . 18.20 - =10
i 5
17 Nov.24/87 86.2 (12.5)  1.78#10-5 4.00 -\
18 Nov.25/87 86.2 (12.5) 1.72#410-5 4.25 -10
15  Nov.26/87 86.2 (12.5) 1.79%10-5 4.00 -10 .
26 Dec.B/87  82.7 (12) | 1.82#10-5 412 -10
g 20 Nov.30/87  44.8 (6.5)  1.42%10-47 17.66 . -10 -
21 Dec.1/87  44.8 (6.5) 1.40%10-4 18.05 -10
; : 22- Dec.2/87  172.4.(25)  1.46%10-4 17.92 -10
1 23 Dec.3/87 . 172.4 (25) 1.47%10-4 19.83 -16 k.
29 .Dec.10/87 172.4 (35  1.72410-4 18.5 -10 -
. » 27  Dec.9/87 | 82.7 (12)  1.47410-4 4.00 -5
o 28 Déc.10/87  82.7 (::) 1.46%10-4 4.00 -5 2

7

Table 4.4.1
Table ot Trinxial Testing Program
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- measyrements differed from the average of either 1.45x10E-4

s7l or 1.78x10E-5 s~1 by at most 17° percent. , The cell
pressure measurements remained close to constant during the -
test .through .careful monitoring. The deviation from the ~

v
average was less than eight percent.

IV.4.4 Triaxial Test Results .;nd Interpretation

The results of the €wénty—:ive tri}ui@: ce%:s
conducted on spray-ice are s.ho?z;\ in ‘\;griqus forms on the”
following 'piageﬂsr ang ix’x Appendix B. The appendix é‘nntai‘ns
information sheets”. on ‘each of the tests.. The tables:
summarize initial and final cénditions' and provide
cal’ibf‘atian' data for each test. Also in the appendix are
graphs of deviatoric stress (total vertical -stress (01}~

cell pressire (03)) versus percent  strain, . that -is

. stresg-strain curves, .for each group of tests. From these

plots a representative test has been selected from each
group for the graphs shown hereafter. Finélly, phntoéra/i:hs
of the samples after test completion are provided in the
appendix. . P o :

The initial-results n:\‘ tt;e triaxial tests are)provided
in the Table 4.4.2. This table gives infematlon on.sample -
initial and {inal density, consolidation ‘and to{:a;l. test
strain, data on the test cell pressure,’ sample strength, and
the stress path strength parameters p' and q', as well as !
commerts on-thé final condition 9! the sample. The
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B ‘average initial ﬁnsity' of the samples was 0.640 'g/cm? and
the average we. ht was 387 g. When forming the .samples it
was relatively® easy to makn rthe sample close to the correct

Bo_ Y height for a 2.1, height t:c dxameter ratio. However; - .

although the same procedure was used to form each sample it
was difficult to maintain the selected initial sample,

. density. Also, the weight of the sample could nut: be
accurately measurgd until after the test was completed. In
cases where the sample densities were not in the correct .
range additional tests were per:amed tc verify results.
Al bm: two of the tests were within ten percent af the i

- avarége danbity. It appears from the table(that strength ’

. increases with denkity. > )

- , The samples were isatrcbically consolidated for periods
‘of fcur or nxnétgen huur. Examples of the cnnsoiida;:icn
.l phase are’ shewn ﬁw;rigures 4. 4 3 ax)d’ 4.4.4. The total

T spacimen deformat:}..on during ccnsolldation varied

& considerahl; depending_“nn . the conditions as well as the,
se’unple initial density. Fof the four hour period the average
thanqe in height was be(:waen 0 088 cm to 0.290 cm, for the

» "' nineteen hour’ period it was'from 0 169 cm to 0.483 cm.
The final strain varied trom ,17.7, to 23 0 percent-

1} . i déi:endinq on several fﬂctorsv the condition ,0of the sample’

(tilted or not), the 1inear/r:n.gé of the LVDT and the final %

v diameter of the sample’ (for remaval frpm cell). As the

portion Of the test that wal interest was usually
o o b “aC 7 o
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completed by about 12 percent strain, all tests were
psriomed to a sufficient extent.

The final condition of the sample is noted in. the
,comment  section of the Table 4.4.2. Further information
'can be also acquired from the photographs in the appendix.
As expected the samples most distoited or bulged were those
tested at low cell pressures and for short consolidation
u&is. The final density neasurements of the specimens were
inat curéta/'because of the distorted shape of the sample. In
all but 'émq case the sample density increased after the
test. Thé exception was test #16 where the sample cracked.

Figures 4.4.5 to 4.4.11 portray the results of the
entire test hisi:ory while only the pe;\k, breakover stress
or strength will be used later on in the diséussion. The
strength is defined as }:he .deviatoric stress and is
determined by the intersection of the initial slope of‘,che
stress-strain curve and the final linear segment of the
curve. The breakover or peak stress 1s] given for each test
in Table 4.4.2. -Seven stress;stl‘r‘ain graphs are’ provided.
They ilius:z'age variations in one of the following

_parameters; cell ' pressure. (4 hrs consolidation), cell

. pressure (19 .hrs consolidation), strain rate, test

temperature and consolidation time at 45, 86 or 172 kPa.
Several types of failure were observed. The majority

of the‘samples deformed by Qtrain,hardeninq (see for example

" test #15) . In this test a bi-linear relationship is
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\

e_\‘ident, the stress increases rapidly with strain then
reaches a .breakover point, at about 0.75 percent strain,
after whil:l'g-the stress continues to rise more'gradual Y.
This type of failureJis ::har}cteristic -of tests pertn‘ d
unéer moderate or -,high cell pressures and sh rt;
consolidation times. "I;he second type of failure is
,illustg.ated by test #24, in which the stress increases
rapidly ‘with strain then reaches a peak and levels off to
a near constant residual value. This Q;havicur wa; noticed ’
in testsvwith a longer consolidation time especially at the
moderate cell prassuf:e. The - final main type of

stress-strain curve expressed in the ~ results was due to

strain softening of the material, ‘an example of which is’

,test #10. In this test the stress initially increased quite

rapidly with strain then the stress increasé was reduced
dramatically and it eventually decreased slightly. For this
case the. peak value may be  at the breakover ;tress, at less,
than two percent strain, or later between six and eight
percent s_train'. qenerally this result was found in tests
with i;w cell pressures.

One anomaly among éhe rasults/was test 416, which failed
iﬁ-“ a more brittle fashion. 'The stress rapidly increased
reached a peak ‘value then rap{dly decreased. Visual
inspection of the ‘sample after the test revealed cracks
around the upper half; of the s‘pecimen. This event could

have been,caused by the sample being formed the day before
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cnnsolidation commenced and the cold “Yoom underéoin’g a
defrost cycle during that periad. Co -
A summary of the above full test te;uits can be
delineated - Y graphs of the strength of the spray-ice
versus ‘temperature, strain rate, coﬁsulidat‘ion time as well
as confining stress, provided in Figures 4.4.”&2,‘ through
4.4.18. Despite the limited-data general _tsndenci;s are
indicated in thesé figures. From the strength 'graphs the
fcllowing is i i . with i ing

cell prassure, consolidation tine and strain rata. It is

felt that test #25 is the ‘most reprasentative test ur the -
group obtests' with a csll pressure of 86 kl?,a_a'nd stfain
rate of 1.5x%10E-4 5'1‘ as 1ts sample initial density is in

the carrect ranqe. That. being the case the temperature graph

shows an 4 ‘in with ng temp : o

+ The stress-strain curves depict tu’n’.her-!.ntamation on

the behavior of the samples. Figures 4.4.5 and 4.4.6 show

that as c.ell pressure increases the slope of the tinall

portion of the curve also increases for the case of both ° _ . —~7%

- the: four and nineteen hour consolidation time. This

increase in -strain hardening with cell pressure can be/ ° %
expected as the samples will become more dense at a greater . ~« |
' rate at higher confining pressures. o ®

From the limited. data availaﬁ].s it is sugqested that e
the requctian in “strain rate causes a lowering of ice -

st:engt}( but an _increase in the ibiliéy of the material to \
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Strength versus Col olidation Time (86 kPa)
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" these methods ,can be derived from most soil.siechanics text
stress paths. for all the four and nineteen hour consolidated

' 1n these tests + the fauurs surface can be approximated by a

rl_l_IIl'X||I|l|I|IIIIl]'ll||||||l]|lllllvll|
Q 50 1 150. - 200

Conﬁning‘ Pressure (kPa)

Figure 4.4.18 3
" strenqth versus Cell Pressure (19 Hour Consali&ation)

strain harden. ! A: tempe'rature increase from -10 to =5
dégrees C results solely in a 'slight decrease in ice
strenéhh. '

_In order to visualize the failure crlit:eﬂmn for the
material, €w‘8 rep;esantaticné are used the ‘ Mohr's cir‘cle

;Slct ‘and 'the stress path representation. Information on
(Craig, 1974). Figures 4.4.19 and 4.4.20 illustrate the
specimens separately. ‘From the range of cell pressures used

straight lina ‘with a slope, alpha' i and y-intercept, a',

138




Stress Path

Stress Path

Figure 4.4.19

ion,

'es’
(4 Hour ::onsolidation)

P (kPa)

Ngufe 4. 4 20

Values

on est
(19 Hour conaoll\dation)

139

el 7~
h Values




TABLE OF STRESS PATH AND MOHR'S

d Hathod Consolldation e

. Time (Hours) kPa i
Mohr's 4 55 26.6 - - =
Failure :
criterion 19 75 32.6 - -
Stress 4 L # 35 25.0
Path 4
Method a9 - - 65 28.4 3

Q . g
Stress 4 39.6 © 27.8 - -
(36.4% error) (6% error) .
Parameter ¢
Converted 19 77.3/3.1%  32.7/0.3% - -
- Ya . (3.1% error)" (0.3% error)
PR average = 69 KPa - = 28 degraes 5 o

Notes: Fomul 8 tor cunvcx‘si.cnu.
sin-1 (tan alpha‘)
o /a3 (cos PRI') »

. Table 4.4.3
Summary of Failure Criterion Results

these modified parameters are indicated in Table 4.4.3.
Figures 4.4.21 and 4.4.22 portray the  stress paths for the
3% above tests up to the final. strains and the assccia_ted
"failure envelope. ’ !
The Mohr's circle form of the above gro\jps of tests are
depicted in Figures 4.4.23 and 4.4.24. The failure envelupe ’ '
here is de;crihad by ©¢', cohesion, and phi', the angle of

internal friction. The results &re expressed in the-Table.

4.4.3 along with tha: percent error calculat:ed when

converting the modified parameters to o and  phi'.’The
-

average values for the spray-ice were c'= 69 KPa and phi'=
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surface is also shown on the plots of Mohr's circle, as this

may be a more appropriate shape.

envelope will be further' discussed in the discussion of

results.

The following Table 4.

28 deqrees, this avetaqe did' not- 1n¢:1ude the low value for d

cohesion tcund in the streéss path method. A curved fai].ﬁre

The shape of the failure

4 illustrates some of the ice~

properties derived from the stress-strain curve. These

TABLE OF SRRAY-ICE PROPERTIES

Test No. Failure stru].n Tangem: Modulus . Porosity
(parc nt) . (percent)
] = =
5 1.49 28.50 37.6
6 0.24 - 87.60 35.1
P { 8 3.32 1210 5.6
25 1.7, 69.30 30.5
5.15 3965.00
10 5.12 . 33.70
. 11 2.67 50.70
13 . 0.9 70.40
14 1.58 89.90
15 0.82 227.10
7 0.62 174.00
12 0.96 108.90
16 0.53 405,90
o2 . 1.9 121.90
z 17 1.01 82.3
. 18 0.44 125.80
19 0.39 1 106.10
26 .o 57.90
20 8.36 98.30- 31,
] 21 4.03 165.10 28.4
Al 22 1.57 217.00 25.6
23 134 109.60 30.7
29 119 178.20° 30.1
27 1.68 79.70 30.7
P ©12s 61.70 1.2
L * Table 4.4.4
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properties include the pez'cent strain at ice failure, the i
initial tangent modulus and ‘the porosity. The -strain at
failure varied trom over eight percent to less than half a
percent. Generally the higher values are found in the tests
“with theé lowest G8pfining pressure. 'l'hey aia not appear to
be a function of sample initial density or consolidat_im’l_‘
time. The tangent moduli as ’derivéd_ from the initial s;{ﬁpe e
of t:he stress-strain curve a;leraged 150 Kpa. 'I'l;e initial
porosity of the samples ' were also calculated qivif\g

results of 30 percelﬂ plus or mi as 10 percent.




1v.5 Crystallography of Ice Cores and Samples
IV.5.1 Introduction @ .
In the following paragraphs the crystalloqnﬁhy of
representative cores taken from thn three pressuremeter
testing projects m from triaxial test apecinena will be
.descrihed. Béfore examining the resulu, the basic ice
structdre,, the ice classification system ' and 'the
e intnm/ation attained from thin sections will be reported
on. Much of this background 1n!on.n/at‘10n was derived tron"l'
‘Michel's (1978) text on Ice Mechanics. . . "
The solid ice crystal exhil;ita a hexagonal stru.cture,
which ,cor;sists ol.a cetraj\hed’;al arrangement of oxygen atoms

that are surrounded by pairs of hydrogen. atoms. The

ﬁcsitions of the hydrogen atoms are not'_tixed, they move

and are. -orte;n shared ﬁy the oxygen atoms. The Iolecul.,eq in
the solid ice crystal are concentrated on what is cé’l‘ed
basal plan

. Normal to this basal plane is the aii.s ot(

1

principal synnat.ry called the .craxis. As ice haa a very {

open structure it also has 3 low density. .

The classification system for solid ice fncludes river,
lake and sea ice, n_ut:_glacier ice. Ice f_i:und in nature may
consist of seve‘ru(l‘. layers; primary, ' secondary - ‘and

supérimposed. The primary layer is the first formed and

grows horizontally, wl{ila the secondary layer* (géw'n

paran}él to the heat flow. and has a caM which 1is
g ’ .
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controlled by the ;;r:lury 1g$(er. Ige in the secondary laye¥ %
mayf"ba " columnar grained in the ho_x-izonta]. or vert(c:l
direction ax;d the c-axis can be ori in.a pr
direction. The superimposed ice is formed on top of the

prinxy layer by’'snow or tloodinq. .

. Thin sections are made hy cutting very thin slices of
ice from a sample, mounting them on a slide and viewing the
ice - through ,fiross-pa;aroid lenses. From the thin sections
the ice structure, grain size and shape and orientatioh/ of
px;etazred c-axis may ba evaluated.

The thin ucticns for this project wera made in the *
cold room of the Innti&ute of Harine Dynamics, St. ‘Tohn's
(Natinnax Research Council). A slice, apgr_oximat:ely 10 mm

thjck, was first cut from a sample-and its orientation

‘abelled. Next, a glass slid; ;waa_ briefly ‘heated and-the
sample placed on the slide. When the ice was secured to the
slide without any visible air pockets the thickness of the
ice was further reduced with a band saw. The .slide was

then placed in a microtome which shaved the ice 'n'iown to
Ny

thickness ng on its structure.’ 'rhe section

was " the correct thickness when the crystals could be

Photographs ‘of
thin sections are shown in Appendix C . :

| ) L .

clenrly gean between the polaroid lonus.

V.5.2 Thin Section Results
\
|1 Four axamplaa of the Lce tested on the LIMEX experimam:
!
| > : ¢ |
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_structure. The d&quiaxed ice has_ a grain sizd of

. Over time, -the tloqgﬁ may change as 3“

on their surface and tl‘ify rotate an

4

- . ¥ e
are shown in Appendix 'C'. All these thin sections ware
taken vertically through the ice, perpendicular to the i

surface. What is noticed‘initially is the variation in the
ice type. In section #1 the ice is tin- to medium grained,
approximately 1 to 3 mm iny dianeter vith -ostly sub-ronnded
grain shape. The grains are not orientated in any particular
di;ea:ir:n.'secuenl #2, #3 and 44 show, a medium to large

grain size and coluﬁnar grained as well as equiaxed 1c.n"

apprbxiniately 1 to /l mm  and is ipx’-egularly shgped. The
e

columnar ice varies from 2 ¥6 10 mm and 5 to 20 mn dcross

its shc:rt and .].onq axis -respectively. In aection #4 two

layers of ‘fce are evideht both vertically

orientated. 'sebiion #2 shows the ice orientuted at
approximatexy 45 - degrees to the vert'.ical with fairly large . #
grains. 1nally section #4 has r:olulnar ice intermixed vith
the equiaxed ice structufe. ‘ -

The variation in the ice type is, due to the floe
forgation. The ice floes t:hat were tested were co-po’ud of 3

first-year ice that had broken off from shore-fast ice.

ow and water accumylate -
join together. Some .of
the floes &57 partially composed frozen slush-ice. .
A few representativp thin aactions from the Resolute
experiment are also pictured irP tha appendix. In some caau

the damaged uxe?t crushed ice from the indentation tests

~
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can be seen in the photographs; this is not part of the
normal ice structure. In total two vertical thin secti‘ons &
and two horizontal thin sections aré shown. Photographs 3
and 4-'are taken from the same test site. From the vertical
sections, the ice appears to be all columnar grained. The -
grain shape seen in the horizontal sections is very
irregular and the grain size 1r=»/1.ax:ga.{t The size ‘of the grain’
’is rather difficult ‘to determine due to its structure; but
'u,: i# in the range of 10 to 25 mm in diameter in the’
horizontal plane.:The lerigth of thé columns extend, for the
most part, past the length of the sections (approxim: ely-_‘l’o
cm) . d S ’ v

In the appendi)_: four thin sections are ‘shown o tﬁ;
spray-ice cored frqg close to pressuremeter test #1 during
the Calgary tests on Spray-ice. 'l‘h»e horizenta_ll sections are
taken at depths from. approxima;:el; 0.17 thz:ough to 9.'5;
meters. All of the sections show a simil‘ar stvructure?
equiaxed grains that are rounded to subrounded in shape. The

' grain size of the crystals varies with depth. As the spray-

ice was deposifed in many layers anywhere from 5 to 20.
in thi::kness ‘the grain s’ize is a -function of the

conditions whil épraying rather than depth. The grain siz

appears to vary hetwe‘en less than 1 mm to 2 mm. In- sections
#2 and #4 large c’:rystal‘s- are also evident these are from the
proc’ess' of, adhering the ice _t:o the slide. The sefc:ions had
to beé cut very thin as the crystal size is so small, thus

-
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holes in the-ice can be seen in séétion_s‘ #1, #3 and #4.

Fiﬁally, a few sections were performed on ‘the triaxial

test spgcimens. They were taken horizontally ' from clese to
the center of e sample. Ag'ain some of these sections are

in poor condifions due to tha thinness that was raquired’\

. ™ The ice is equiaxed, with subzam}de:l grain shapa and grain

size mostly ' between 1 and 2 nm in diameter. It is j

e beneficial to see that the sections' of the spray-ice from - :
calgary are similar in ‘structure and grain size ‘to those of o

spray-ice formed in the laboratory. S i

. S i . .

., . . <~ .

- : e

A 4 i 5

. e . -
-~ . g 3
- § - <
- ¢
g 7 " 1s0°




i

V DISCUSSION OF RESULTS

v.1 Intreduction 1

°

’ In the literature review it was shown that spray-ice
was a viable c;onstructio.n material but there was a lack of
published in:omatmn on xts mechanical properties, partly
due l:,—\the large expense ©of field work to collect samples.

It was also_ evident that more experimentatxcn is needed to

improve the | efficlency of producinq spray-ice and Y its VL

.quality. Tha litexature review gave. examples of - varioua
tests conducted on several types of ice with emphasis von the
.pressuremeter test. , o G i

In the present work, it was decided to establish a means
of making spray*ice in the lahuratery and to evaluate‘ che

material through triaxial “tests. As part of the testinq

on-site

P * tests were perfcn!med on
spray-ice and two 'types of solid ice. Finally a field
profiect,‘ whose objective was to imprave the quaii}:y .and

eftxciency of makij g spray-ice, -was outlined.

In the following paragraphs the results of .the above
work will be discussed. First, the production of .the

spray-ice will be .sevaluated. Second, the results ‘of the

spray-ice pressuremeter & tests will .be compared with the
il -

tindifngs fx:o,lbx‘.tests perfarmed )w._ith the same equipment and
/frith- other pressuremeter \;'ests on.ice and soil. Finally,
the results from 'tr,i’axiaj)x' tests will be evaluated by
compari‘son'vith previous triaxial teTs on spray-ice,‘

s




X naud g-ranulax- ice, snow and soil. In order to vhw
sPray-ice as a mn:arial it was dlemed hnportant to compare
it .to 'soil as vel]. as dice. Completing this section are a
't.ew? re:narlu on observations made during these ex;’\eriunts

and some suggestions for future work.

V.2 Labot: y and Field on of Sprav-Ice-

The results " of the l!ull-scal- project for the
: px‘-oductiﬁn e’z‘ upray-ice designed and éarriad out by ERCL
and EPR are given 111 nactian 2°while the resulf.a o: the
1aboratcry tomation ct sprayTT at MUN ‘ are detail‘ud in
section 3 of the axparimantal results. o
i The intention of the E:sso ptuject was to impruVe
spray-ice _construction tachniquas. uthough some of the
detn_ugd bﬁjectivas of this project cou!&:ot be met tgr

'varinus"raauenu, the projact was valuable' - demonstrating

that * sptay-ice couild be made on a lirge scale putside of ~

the arctic and could be tested for qualif.y and volume

during changes in tast and field conditions. It further
illustr\ted the benefit of adding compressed air to the
spray and the use!ull;le_ss' of an}ployinq ditt‘ezal:ﬁ nozzle types
over the temperature range of \-25 to -10 degrees C.

The purpose of manufacturin§ spfay-ice in the

. .
-laboratory was to provide an adequate amount nr test

mater&al that 'was of consistent quality and comparable ta

that produced in*the arctic. From the literature review
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conducted it, appears thgt séra)}-iee had not been produced
on a small sci{a in a co‘l} room previously. Either samples
were shipped from sites in the arctic or mcé recently
artificial snow f‘rom ski ‘slopes was used for test material.
Samples from the arctic were not only expensive to retrieve
but also could deteriorate during sampling and shipping and
were often inconsistent in nature. Artificial anw\nay not
be exactly the same as spray-ice -and is. not always
) available. It is encouraging therefore to “be able to
produce spray-ice relat:ively‘ easily in the cold room. %
.‘;‘h;oggh experimentation it was possible to attain a
spray-ice of the required salin;;y range and of the correct s
grain size. The thin sections performed show that the field ’
and laboratory produced spray-ice compare well in grain
shape and size. These results also agree with those found

in the literiture. ) .

V.3 Pressuremeter Test Results?

s V.3.11 Introduétion

A summary of the results from pressuremeter tests

completed on spray-ice are outlined in Table 5.3.1 with &
.more detailed information given 1;\ section ‘1 of the
expe’rimantal results and in . Appendix A. The pressuremeter
'ixas become widely used as an insitu metnoc\‘ of measuring

2 properties: of ice as well as soil.| However from the
literature review conducted few papers have been published
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n - the ;ressuremntar in - spray=-ice alc_hough prap‘rletary
reports do exist. Thus the ‘use of the pressureneter in th‘is
vork is of interest from a results as well Aé an operational
point of view: The results will be compared to t;huse of
others tc\.{nd in the literature and those conducted -during
this work. The success of the operatio/n of this pargicular
pressureneter in spray-ice ang solid dce will also be

assessed.

v. 3 2 cvmpariscm with Resolute and LIMEX Rasults

The majority of Chs pressuremstar tests that have heen
performed on i;e are lanq-tem creep or relaxation tests
whose results are not comparable to the short-temn strength

tests performed in this , e The tests in

Resolute and on LIMEX are pertinent to this report as the

tasts‘varg of the 'same type, conducted under sinilar
ap conditions with the same equipment. .
- The pressuremeter - used. imr this experiment was the

Roctest, Texam pressuremeter. It had advantages that it was

simple to operate and robust. This is important’ for the

o field work in a harsh environment as found in the arctic.

It wvas also portable and éasy to maintain. b.few aspects of

1:5/ design caused problems during operation, as outlined

. ) below. The pressuremeter must be checked before.each test
& r - 7 ¢ to enswe full saturstion, -especially during large
: variations in temperature:“ The metal strips reinforcing the
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ruhbaz' membrane became distorted during low temperature -

testing, While testing spray-ice, ice granules became

caught between the rubber membrane and the strips. When u'n

metal strips became . y. the was

and the spray-i was from the probe by
discomnepting it and slightly warming the membrane. It would

be :el.atively aﬁple to adapt the proq‘- so 'r.ha; the metal

strips were not required.’ M". cold tan-ratures,‘ a lower "
o E
viscosity fluid , should be used, as tho probe did nac‘

quickly deﬂate. Finally to perform creep or other lonqu‘ ,

P

‘term tests it would.be useful to qonnac/T the ‘control box to

a personal computer. \J‘
" The results of this study w111 be -xmimd in terms of

-
the pressuremeter modulus (Eg). the px’auura limit (P1). and

- in some cases the‘:atio of Ep/Pl, the 1ndantation fraqture

|
strength (Ti) and the pressuremeter crushing strength (0dp).

The pressuremeter modulus is a measure of the materials
ability to distort in a deviatoric stress field. Ep should
not be compared vit.'.h the ﬁulm derlved ‘from -ocedometer
tests as they are both measured under different conditions. .~-
The pressure limié is é};a liniting state of tailuraw
material subjected to increasing unifdmm p’rassura on v.tho
wall or a cylindrical cavity. The prauurametar crushing
ntrenqth is not, the same as the uniaxial czuahing BCrength
due to the tridimensional attact of the probe in “the

horehols. According to Michel (1985), Top lhould be compand
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with. uniaxial tests: on ’ samples obtained from the

pressuremeter test site to derive a coefficiem:"chat

, relates the paramete{s. As no uniaxial tests were performed

on the samples due  to t:‘i;ne ints, "the pa: rs Ti
and op are of limited: value. Michel (1985) found a
coefficient value of 3 for T1,” T3 and S1 ice. As the snow
ice (T1) is the closest to~ spray—ice in structure this
value may be used to generally compare results. '

The values of Ep' and Pl ar; compared with those derived
from ' the LIMEX and' ‘Resolute _experiments which were .all
pertarmecrl ‘at éy strain rate B’f:’ 2x10E-3 s~1, witl'; readingé
tékan af’ter a two minute period and with Ll:xe same equipment.
It vas found. that Ep for Resolute varied from 61 to 104 Mpa,
LIMEX from 8.2 to 31.:2 MPa and the spray-ice from 1.9 to
6.8 MPa. Spray-ice is thus more deformable than either .of
the first-year or sea ice te;ted. It is w&rth noting that
although the LIMEX ice wasat close to the same temperature
and had in some cases a similar ice structure as the
spray-ice it was five times stiffer. The deformability of

spray-ice may be partly due to- it béing formed over the ten

days prior to tesﬁing /and not having adequate time to

sinter or freeze completely. Both the sintering and complete
fteezing of the spray-ice would add to the stiffness and
stranqth of the material.

The values of the limit pressure for Resolute were

from' 3.1 to 9.2 MPa, for LIMEX from 0.47 to 0.79 MPa and
\ .
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‘, were on average half thcse for the Btress-contrqlled tests. ’

,55 and 10 perceni: lnwer,f' respectively than the .stress-~

for spray-ice ::on%'o}zu to 0.866 MPa. The Aifference in

strength hatween Resa {ite and LIMEX is approximately one .
order of maqnituda. This is partly due ﬁo the temperature
difference but also to the looser ice structure found in
LIMEX ice. On average the spray-ice had about half the
strength ;lt the LIMEX ice for the same type ‘of tsst. This

'zact 1s~ also reflected by the absence of a limit pressure in

several of the stress-controlled testse N

of - the tiva strass and tive strain-controlled tests g §

pertumad the. Ep values for the strain-controlled tests

This agrees with the trend from the Resolute data {'n which

the strain-controlled praésura limit and modulus valués were

‘controlled values\. .As' expected the Pl values for the~ . Ly

Stress-controlled tests on spray-ice were considerably
higher than the strain tests. :
The Pl values for the strain-controlled tests on spray-

ice varied from the average by only plus o6r minus. 21—

percent; while the Ep values varied by plus or minus 22
percent. This shows that the ‘material was of relatively

consistent quality over the aFea tested. One of“ the

stress-controlled tests had a notably higher Ep value’.v_ This
may have been due to the probe ,p\e&}cinq the ice . |

thickness. Its value was not inclugded in the average.

While testing and 'coring the’ spray-ic;:a” a few
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ohsarv}ations were made. The ice had very de!in’it:a layers
some . of which were . loose or only partlully frozen. The ice -
ideally should have been thicker for testing. In some cases
the prabe bulged at the top during ts;\ts perhaps due to

inadequate confinement by 'overburden pressure.

v.3.3 comparison with Soils, . v
. The results, from other pressuremeter e)(perimen}:s
performed on soil, sea ice, and a few types of freshvater
'ice ave outlined in Table 5.371. The table also presents

the author, type of pressuremeter and test pinformation

where availaﬁie. :

3 brief look at the table shows that the.modulus and
pressure limit }lalues are in/ the same rande as those for
loose sand. Sand also has a similar sort of granulét /
structure as spray-ice. The soil tests were stress—

controlled and should be comparad with the similar

spray-ice tests. % , 2 . £
Soils are sometimes classified -uccording to the ral:ic\~
of Ep/Pl. The Bp/Pl ratio for spray-ice is on average 9.04

and 10.55 for the strain and ' stress-controlléd tests -

respectively. These values are lower than that for the

* LIHEX ice (26: 0) but in the range of the Resolute values o
& (13.9 and 19.3). For comparison, soil within this range
varies from a clay to between a medium and a loose sand. ’

Ladanyi's (1978) work on sea 'ig¢e ‘had values-averaging 30.3,
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' V.3.4 Comparison with Ice and Spray-Ice

considarnb;fy higher than spray-ice. ,
Gl d

&

During - investigation by Michel (1985) a similar type of

pressuremeter Wwas employed at close to the same
temperature’s. The strain rate was half of the one used for
tl;is study ith immediate rather than two minute readings.
From -reviewing the spra‘y-icg data, the immediate readinQS
were on average 28: percent higher than those taken afteé'

fwo mimutes. It is especially interesting to- compare the

snow ice (T1) with’ spray—ice: since their -structure is -

similar. The snow ice is formed when snow. falls on to;‘: of an
ice .sheet is flooded and freezes. Generally the snow grain
size will be signincantl\y smaller than spzay—ice and there
will be a hiqher percen-.age of soli.d ice. Howevet in our
case the spray-ice was partially submerged and had a high
percentage of water in its makeup.

From the 'rable 5.3.1, the average tracturo strength* for

snow ice was 2.8 MPa while for spray-ice it was 289 )cPu, the

pressure limit for snow ice was 5%3‘MPa“ and for’ spray-ice '

291 kPa. Due to the difference in the immediate and two.
minute readingéﬁ tlhe Pl value for spray-ice co'uld in’t;rease to
about .373 kPa. However, it remains that both \;aluea for
spray-ice are in the order of .one-tenth' of snow ice. ‘

Along wit!‘x' éhe average fracture strength the'

pressuremetexr crushing strength for the spruy;lce‘ was




calgulated to be 578 -kPa on average. A coefficient of 3 ’
-was derived by Michel (1985) for snow ice. This value _nay‘
or may. not be élos‘e o ‘the value .for spray-ice but is
deened a reasonable estimate. This vould mean that the
average uniaxial strength fox: the spray-ice tested 1»9 in
the order of 193 kPa. The triaxial tests wif-h‘the lowest -
. cnnﬂniﬁg pressure (40 kPa), that' is those u:nsc resembling
.uniaxial tests, had an av;rage dev:Latoric strentjth of 248
kPa at -10 -degrees C. At -5 degrees c, and a cell. pressute
Of 86 kpa the averaqe strength was 160 kPa. The spray-ice
pressuremeter tests were performed at a, “still hh;het
i temperature of close to 0 degrees C. The triaxial strength
' results on laboratory-made spray-ice- appear to be in the
range as the. vaiues derived trbm the pressuremeter tésés.

The boréhole jack results from Masterson (1986a) are

expressed: in terms of the compressive strength and the

elastic nmodulus. The values are not readily available as
;;reviously mentioneq. However the pressuremeter modulus is
in the 'b:dg; of one one-hundreth of -~the modulus given by
Masterson. Also .the compressive stre;\gth for these
pzessurez;natar tests, employing the coefficient derived by
Michel, is approximately one fourtieth of Hastai—s;)n's value.
It is difficult to fuuy explain the large difference in
these resu).ts. Masl:erson's tests were pertomed on ditferent
ice probably at nuch lower temperatures, at different strain

rates. ‘.[t should be noted that his values for modulus®




varied by close to 100 psrcsnt:, and *the atréngth va!.uea hy
50 pércent., In addition the Borehola jack test is dif!etanc

from thé prassuremeter test,

Various parameters have been derived in the literature
from the basic p data.

Unfor there
scems to be

determine besides  values for Ep and P1. .It woum ba of,

interést t& compare ‘the | pro;':erties established tor

spray~-ice with 't'h;)se of dense snow, but 'thg,pressuremetar

has noi-_, to the knowledge .of ;he author, been used fcr

testing snow. - Tomy, %

little agreement on what is important to




V.4 1 Introduction

V.4 Trjaxial Test Results

The résults of the triaxial tests were described in

detai’l in an enrl;er sectian. In the followinq paraqraphs

" these resulti will bé comparad with those found for acils,

solid and g'x'amxlat ice, snow and finally cther spray- ~-ice
experiments. The amount -of data publlshed on the triaxial

tests on spray—ice is very. 1im1ted, althcugh some ‘uniaxial

testq- had . been performed on field ‘samples. It is important

to understand the behaviour of 'both saturated and dry

s;}].‘ay-ice, but for. these experiments dry spray-ice was

s‘glel& considered. It is the simplex; material that is easier

t]n/ test; the tests do_| not require saturating the sample or

te sting ‘near the materlal's melting point.
4.2 co_mparison with Soils i
The résulcs‘ of the spray-ice t:riaxi'al-‘sts can be

ompared with fhat of soil. The stress-strain curve for

Y pray-ice was the majority of cases a bi-linear

rel’ationship with. increasing stress and no peak stress.
This shape o! curve. is found in loose sands. A dense sand
exhibits in ,the"utress—-strain curve. Tﬁa variation
in the _s;x’ape of the curve tnx:. sand is due to the
interlocking ¢of thé particles. Before failure - take

place the interlocking must be overcome™ as well as ‘the

tz‘i{.‘hionul resistance. In the case of' spray-ice ¢ther




factors ary ~also important. In loose sand there is no
initial lntgriocliing tol ovetcc;me s0 that the shear st;eas
grad;xally incteases to an ulti;nabe ;Jalu_e. A .decregsa in
sami:vle volume with testing is evident in loose sand.while

an increase is seen with dense sand:

In all the-triaxial tests ‘ed but one, a
in sample ' volume, or .increase in dansity, _took place
simuar to the results from the testing of louse sand. Also,

higher final  densities were noted in tests conducted at the

. greater cell pressures. It can,he Concluded from the shape

of the stress-strain curve for: spray-ice, that its response
under load is similar to a dense sand at low cell pressures,
while at higher pressures the response is closer to a loose
sand. . ’ i

From the triaxial tests the phi values va'zjy from 27 to .
35 degrees for a 1dose to dense uniform sand with‘ rounded
particles. This value increases as .the maﬁ:‘; became.
w"t{ll-graded or has anéulgr particles. Sand e its no’

_ cohesion : ‘while! spray-ice does. 'ff the Mohr's failure

envelope for spray-ice is apprcximgted with'a straight line.
The qohssion. averages 69 kPa and the angla ‘o‘t internal
friction 28 degrees. The cohesion of .spray-ice‘ could be
due to the sintering and regelation of the granules du‘i‘jfng
consolidation. m‘e cohesion would be1 drnmnticl;l]:y rduceciy" ir
the failure envelope were curved as shown in/Pigures 4.4.23

P B " i
and 4.4.24. This would occur if the. particles'‘fracture,
B . -
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crush ’or melt rather tha;i move dufing teating.‘ It is likely
that !:her; is some cohesion in spray-ice- and’ that’ the
particles crush and pressure melt, especially &t 'higher
» - . cell pressures, sgrain rates and cold temperatures. ’

v.4.>:' Comparison with S61id, Granular Ice and Snow
A large a;nount ‘of data has been published on, triaxial
. aﬁé -uniaxial tests cx‘ﬁsolid’ ice with little information on

granuiar ice apd no triaxial data readily available on

snow. ~ Some of this work was described earlier in the
literature reviev. In this section triaxi'al tests results
«of ‘khe different _mate_x:ials found in the literature will be o
addx:gssed generally in terms of factors affecting strength.

Then these results will be compared in more detail to
® 4 ;

p: ,' ice. The rep: ve _resx‘xlt:s used for comparison
are./ from tHe .t‘ollowinq work:™ a study on sea ice by
Richter-Menge et al (1986), on br%kpn ice by Gale et al
(19&6,37) and uniaxial tests on snow by Jeuinek’flss?),
Landauer (1955)'and SIPRE Report #18 (1956).
Solid Icet s
From the pape: reviewed \the»‘gex‘ral shape of the
stress-strain odrve will be described for Alffarent t;pea'
of . solid ice. Jongs (1982) tests on poly;:r)‘(stulline ice
found a rapid increase in stress wWith strain, a peak stre\ss .
shax; strain softening or p}astip‘y\ielding to a.reaidual . '
sgrsss‘vdlue. In-uniaxial tests b:itt‘la fracture may occur.

. ;For uniaxial tests" on polycrystalline ice at a constant ’ :

. £ . .
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~ 8
strain rate (Mellor, 1979) the stréss-strain curve had a

peak value perhap; with some initial crac)unq and 'then
.

ductile behaviour. }ucm:er-nanga et al (1985) considered
first-year columnar sea ice and-found ghe‘!olloving forms of
the -stregs-strain curve - from ‘tx.-iaxia: testing: (l.j for
unconfined tests, a brittle type. of failure; (2) for all
tests at low strain :ates’ (ioz-s s71), a maximum stress
ui’tl-x strain softening am_i’plast:lc £low, (3), at a confining
st:ess/&iul stress .ratio =:0.5 and strain nte- =10B-5 5'1,_
the curve had no peak value; it ' flattened with high
plasticieyr (4) af a confining écresu/uxial atréss‘ _ratio =
0.75 , a‘oma initial yiqldlnq‘ occurred before a pe;k dtress’
wds attained. ;:n general the ducci..].ity of the ice inézqasas
with increasing conlinell;ent. 2 ' .

The tailura envelope as der_i.ved from the str:ss-strain 3,
curvn has often haen expressed in tsrns of. \:ha Mohr-Coulomb
tailura criteria. For the case of ulld ico “this does not
appear to apply exactly. Mellor (1979) and Richtaz-msnge et -
al (1986) also suggested that it goes not strict].y behavq :
as a Txegca or Von Mises nater!.al even when tauinq in a
ductile '/niannar:'. Results trom Nadreau et al (1985) and

Pokayev‘ (1976) indicated that the angle of | intagn_al

¥ . e 5
friction decreases as the:;lllprespurb increases, and the

envelope gradunlly becomes flatter. Instead, a tear drop“

model was proposed by Jones '(1982) < in which the
i 7

g differential stress |increases 'quickly with cell’ pressure.
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vvthen gradually decreases as the confining pressure is.
incrgased/
The effect of confining pressure-on deviatoric stress
ha‘s a1rea‘dy been éddressed‘”;(Jones, 1982). From
R’i.chtexzjnenge et al '(1986) . there is evidence th‘at strength ’

increases witli:strain rate and Nadreau et al (1988) also

- showed it i with 4 ing.. Finally

Richtar-nengs et’ al (1986) points out that the failure
P strain decreases . with increasmq» strain rate, and the
- initial tangent modulus inéreased with strain ‘fate and

confinement ratio.

Granular Ice:‘ .

' ' The general shape of the stress-strain curve for snow
‘ice has been shown by El-Tahan et al (iBE4) and for
cohesionless broken. ice by Géle et al (1987). The snow ice
was formed from material that was about lmm in dlaneter and
the tests were pniaxial._ Snow ice at -hiqh strain rates 4
(iOE-z s~h exhibited ar brittle failure whilevat‘ lower
strain rates al more ductile typé of failure. In these tests
a peak stress was evident then p].'astic yielding occurred up
. to -a residual  stress. At lower strain rates the peak scress
_was less pronuuncad. \'\ L
The results on. the broken ice indicated a distinctive .

bi—unenr stress-strain curve .with. the breqkn\rar stress
4 occurring at low percent strains. 'l‘his- cohesionless icg was

described by the Mohr-Coulomb failure criteria after-results

\ Fh
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tr‘om direct shear tsst_s (Gale et al, 1986). The angle ot‘.
internal friction was between 36 and 45 degre€s with no
cohesion for material less than 9mm in diameter.’ ’

THe effect of the - various parameters on the ice

strength '-%'were addressed in each _uf'the papérs. The' snow

ice strer?qth gradually increased with strai’n rate with a

deviation where brittle failure occurred. The“'elastic
mbdn_x],\gé also: increased with strain rate. For the broka.n ice
‘the breakover. stress was found to increase  with cell
préssure ‘and ~ consolidation ti’x;xe.l The " _incrgased

consolidation tims atfec:ad the stiﬂness and void ratio of

the material. At 1ower consolidation pzessures the stress‘
strain curve was ﬂatter., All of the samples displayed
contraction during shaar. In the paper-the-ice behaviour was o

compared to that of a lcoge Sacramento sand: ¢

““THe following ' descriptions of snow “are based  on
uniaxial and shear box tests as triaxial infomation was/

not availabla. A stress strain curve for snow’is shown in a

paper by. Landauer (1955) It indicates an ‘ilxcraasinq atress

at. a continually decreasing rate. As time progressed stress
ralaxation occurred and an aqutlibrium va].ue of strass was
.<apprcachad-. The curvu does not have a derinite break in it
11ke the birlinear, cutve‘described earlier. '

It was !ound that the equilibrium stress was a function

L .
of straih rate. The strass increasad with strain rate .and ™"
- C
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was ‘a function of test tempa’rat‘ux‘e' and samrpd.e‘ density. Als‘a
the stress ‘values could van’( with the snow type.

'!"'hé»sIPRE report '118 showed that the crushing strength
of sx‘mw cylinders incré&sedr with &nqw density in a linear
fashion.‘ _ The -samples deformed by 'mushrooming’ at the top

or bot:tom of the sample before rupr.urs. Double shear tests

on >snow cylindars outlinad in this report provided
~ .

infotmation _for a Mohr-Coulomb t‘aﬂure envelope.,/'!‘he
strength and lateral pressure points formed a cutve which

flattened to a residual value rather than a straight line.

’It was suggested that this could have been due to - the

nature of the tests; that is the shear rather than triaxial
tests. From tension and compression tests a straight failure
envelope was formed. It had an angle of internal friction

of 19 to 23 degrees and a cohesion of 204 to 1069 kPa.

Jellinek 'L1957) i:arformed uniaxial tests on snow.

cylinders t‘o study the strength as a fupction of afe. and
particle size; The grain size fof these tests m;s"less than

1.19 mm. It was found that a small amount of aging increased

‘the compressive strength of the snow dramatically but with

increased aging the strength reached a constant value.

'm{ﬁg this aging of the' samp‘les no‘contininq pressures were

applied. The' age at the snow prior to forming the.sample -

nﬂgo appeared to affect the strength. Finally ~ an

appreciable de in with a in

the paatic_),;a ai_ze.vrt was 'suggested that aging' process




v

affected the. recrystallization, diffusion and sublimation

in the contact areas ‘of the snow particles. As the snow

particles become more rounded with time, the system hecama\-

more stable with age. _—— . v

. In the following paragraphs the spray-ice results will
be compared with those described earlier in _this sectien.
. This  comparison will be based .on the followings ‘the
.stress-straln curil’e, “the failu;-e‘ envelni{e, -general ,trenas.
.with the various. test - conditions” and !iﬂallly actual
st;ra_ngth and material property values.‘ E:{aﬁplas of t:ha‘/
results of the tests désc‘ribeq aax‘:“lj;er are outlined in Table
5.4.1, al;ng with sample results from the .sx;ray-ice tests.
The tests selected .:fronr the iiterature were those iifxose
conditicns agreed most clnseiy with th/dse of —the spray-ice
“tests. ' g ¥
'x‘ha _shape of the strasa-sé;ain curve for spray-ica mést
closely tollows the findings of Gale on cnhasicnlass .
broken 1ce. Both exhibited[bi-linear relationships wii-:h the

breakover, sttess occurring at low percent strains. Gale

found that at lower cell pressures fhe curve flattened, Tas™

with spray-ice. However _some ‘of thé tests conducted on
‘spray-ice gave peak stresses tol]'.cw.ed by du_c;t:ila‘ behaviour.
The étrass’-strain curve for spray-ice changes v;iﬁh 'test
conditions as was found in the report by Richte:-nenge. For

solid. ice the bi-. lineat tslationlhip was, not avident:. The

uniaxial stress-strain curve for snow had, q.,,-qimilar ,ahapa‘ '




.
. 1. ]
mumumu\-ﬁ'ummmnh- 5
T T e
me @m0 Tw lefight () stmin) Puem ) toe ()
T
; 2 thdd MY 650 TR S ¢ am . 9
) “%”lm : mys L (men ol g
R s\l Wy oELGH@ LM [T
' a0 deg . s LI -0 WS ¢
( G eles 4 tdd semss W B LLOS mm w2
\ j . :
. ] BN i semes W ¥ LLOS Bmowm
. A 2 bl e @5 S LLLY mem o w2 "
) L 4 D K
oo mw - dele NSBVS N1 BS WS mmooees o
105 7 Bar 38 &
a0 ﬁ wseys s WS s [ XX B} 85
e o wlnl oy 2% W B o @ o o
o 0wl W DR WS gs g W Fliened
0 1955 WG, "
RO . Jlinek  sov A0 iaddl  SikRys N0S0 NS s 0 05055 59 - ‘
! \ W, 5 R L LB T2 R ' G
et syl 0t LW N DM L0 s oom g p o A
0 . . !
( ray gople 0 tlull LONMA S @R 19 ko oom ¢ /
1 gaplr 0 tubl LG W0 0RO me om
! t
] Seta:FfSsilcn et stated In repert 2 5 . ¢
' / L2,-less thes, 1 > a7
‘e geay-ice okl s actmlly o tasgt mitles, \ \ A
\ h SPIRE {18, tensile and crabbing strength tests howed C'=204-1065 K and w1511 g, P 4
8 v Ca) R a5 D06 degrss, v
v Rlchter-Nenge ‘confining pressure s given i teras of raal/axil strgs (W), | y
. Snow conse dation tine {0 seple aglg tim. d :
; | !
! X Mble 544, |
Teiaxial and Uniaclal Test Rosults i

m




as that for spray-ice at the_ lowest cell pressure  and
. consolidation time. It would be of- interest to study - the
effect of c_ontining pressure bn- snow through griaxia']. tests.

Tl:e failure envuiope has been described for solid ice,

grnnulax- 1ce and . snow. Tha-avanable values . for cohesien

-and the angl- of internal friction are shown in Table 5.4.1.

For solid ice there seems to- be an aqraemant tha\: it does
not axactly follow the Hohr—coulomb failure criterin, as

the 27/11ura envelope is curved. The direct shear tests that

" were /perfamed on granular icé gave values bt the triction

i angle with a cchapion of zero. Results from the experime!

on snow-indicated a curved failure surface similar to.that
of solid ice. "rhe ray-ice triaxial tests gave a !anura
surtuca with a lliqht curve. More tests are requirad to
_contim these results. It is # anticipated that spray-ice

would have &ome cohesion but lower than that for snow.

= N . 2}
The results shown in Figures®4.4.12 through 4.4.18

indicate that. tha spray-ice strength increases with
increaaing cell pressura, consolidation time and strain rate
and in all 1ikelihood decreases with -temperature. Also tha

higher density ice to give values.

These ﬁ.ndings agree vich those for solid ice, granular ice

& and snow. The effect of consolidation time was considered

for granular ice only while the’ q:gect of aging was of

‘interest in snow. The work reviewed on snow did not cover

the egfact of strain- rate and confining pressure. The

| 172 3 .
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effect ‘ol temperature was . looked at in d.taiyl for soliad i/ca
and to lesser. degree for snow. Mathematical relationships
are r_w_t( proposed ~for the ‘trands seen in the spray-ici
strength, as the amount of data available does not e it
appropr.\ate. . % . e
The ac\:\l_tﬁ' strength values for spray-ice (are’ bi'n the
range of t,hcsé for broken ice (Gale et al, 1956} 1987) and
‘low den‘s‘ity snow (Landauer, 1955 and Jellinek, 1957).’,201:-
the majority of the ce;ts on snow ‘th loadiny rates were
higher' than timse in this work. This would rasl}lt in an
1ncraase in the atungth vnluee. The double’ shuar tests. *51:11
lateral pressure had rasults that were not readily
comparahla to the triaxiu} results for spray-ice.» -
..Hoduxus values for snov ice and solid ice ranged from
3.25 to 4.88 GPa, while for spray-!.ce they were betwesn 29
to 227 HPa, about an order of magnitude difference. The
failure strain !ot‘ spray-ice was for nﬁ-t cases’ between
0.24 to 1.71 percent, yhilc for solid 'ice it was 0.125 to
0.382 percent and for granular ;c'a from ‘about 0.3 t0‘1.3
psrcent.' Again, spréy-‘ce no;e closely resembles granular
ice than solid ice. Tin solid ice being more grltt].e, it
failed at a lower test strain. Finally the porush:y values
for spray-ice were higher than solid Lca as expected. Ic
should be noted that those tests ravi.ewed on icg and snow
were performed under -different conditions lné,_ with’

different equipment than employed in this experiment which
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Swould affect the results. - / . et

>:f. - From the above ‘discussion it is evident that a gh

spray

—-ice follows a similar type of failure envelope s_snow

% notabiy diffe%ent. In this way it acts more 1ike the broken
ice descg“ibed by 'Gale. It's strength i approximately one-

.+ ‘tenth that of soli(; ~ dcel Usilni‘la/r to brok_en ice and snow.
' The properties derived for solid .ice may not be ai:pllca,ble
in desc Lbin’g spray-ice. spray-ice behaviourv_cam?ut be
adequately "describea Yy any of .the above categories at

"least .until further work is performed.

V.4.4 Comparison with Spray-Ice -

A variety of t&s "have been ' perfo:
both in the field apvg laporatory. The | results of these
tesf) will be discussed in comparison with the results from
\_\ this inve‘stigati‘cn. As triaxial tests on dry spray-iée

were conducted in this work, ~these “z('esults-are m§inly'ut

interest; however, due to limltéd data available ather
tests will be "ansidered. The 1nfcrmation will be c —}mpared
in terms of: the stress-strain curve, the failure envelope,
how‘.t)actors atfect  the spray-lice strength and finally

. - actual stzenigth values as outlined in Table 5.4.2. .

The shape of thg stress-strain curve has been described

= .

and solid ice, the shape, of the stress-stzaxn curve s’

d on spray-ice, .

& by Weaver et al (1986) and Prodanovic (1986). Prodanovic .
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: b
:epnrted on the ,k:e leand 3 44 din

r Bay- in 1978579. In this case’ the island was formed by
floaﬁing, spiinkling and spraying. (The method uset:or

; c e P
- "_spraying with a gun-type spray ‘- ngzzle, most clemdly .

represents vhat is cémmonly -used 111 forming spray-ice,

therefore thése results will be addressed. -~ Unfortunately;,

as many of®these '‘tests were performed in the field . of on

field samples, tha\ cansistnncy of the results was poor and;
it. was dlttlcult to verify huw factors affected the
spray-ice s;xength The field samplea had imperfections
and variatians in density, quahty and saumty. Alsq the
Eprdy-:.ce !umed in the laboratar} is a coneistent material p 24

while the field smples are expected ca hav\e strong and

_weak lenses as well as a m‘gher ice ccntem:.

v Results fiom ‘unigxial-tests showed that the shapa e

©  the utrsss-strain‘ curve.varied with. strain rate.” At low =4

strain rates-(1QE-5s~1) strain hardening was evxdent. /The .

strength _increased, rapidly with stress, then\aftar an

inflectien point the strengi:h either slightly increased or
P L p
remained cbnstant tu the emi of the test. = The inflection

. point was at approximately 0.2 percent strain and the test

was completed after 2, percent strain. For the sa‘x-a15 rate |

of. 10E-3 5‘1 a. peak stress was ‘reaced at 6.3 percent

strain followed by stram softeninq. At the higher strain
rates the spray-ice failed  in a brittles fashion by
fracturing, surprisingly at a lower -strength:than found




with the ‘slower strain rﬁﬁa tests.

B 3 Weaver et A&l (1986) reported on t{asta pezfoned on ..

artificial snow canpacted into- triaxial uu:plas._. Both
saturated an:l dry triaxial tests were p-rtcmd. .-The dry'

“samples shwed a strong bi-linear stress-strain curve -in -

which the stress increased rapidly to the inflection point,.
o :

followed );y strain hardening, The inflection point: occurred *

i at less than 0. .5 percent strain and the tests were comp eted

by 20 percent strain. The shape ‘of ‘the -tre‘ss‘-stéam curve |
. ‘dld not vary. All o: the dry tests wera parfomed at the

same .st:a:.n rate and for’ the 'same. censuli.dntidn t:hyn As

the cell prelsure uas increasad the degree of harden{nq

o alsn h-n:raased as diaplayed by the® stéeper curvas.

The'.a mentioned resuits compare well with the

tind'ings «of this 1pvgst1qationl . The -shape nf the
ut_r::s-sb{avin '_curve in  this work. was bislinear in the"

= " majority of ‘cases. At ‘lov _confining E "a: peak

sf.raés‘ occurred. ax_xd a sample underwent strain softening

‘¢, similar to “the behaviour ‘repo’rtcd h_y_.szdanovic Jon
\/, u;xconfined sanpl‘es\ ‘At higqa‘r cell pressures ‘and
tamperétu;es the bi- l.ine'ar relﬁtionship oct;ux:red.' The

' degree of strain. hardaning increuseﬂ with cell pressura Ln

a. sinular “manner as reported by Weavex‘. '.('he im:raasa in

= strain hardeninq was du& to \:.he dansitication .caused py
pressura maltinq and the. reqelation proceaa. s /v

J

" séme of “%he general trend‘s £or strength £rom/ the

5 . : T e ay : v
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literature 4re optlined bglow. . In the work by - Weaver, the .
yield stress occurring at, tl-b\ inflecti.nn pbint) was not .’

ve to

. particularly + olidation

P '
pressure or- -the " ‘'samples' final density. . “Prodanovic
- concurred that the strength. of spray-ice l‘did not appear to \

be test 1?{:8 or sample salinlty dependeﬁt. kS Pradanovic .

statgd that while the strength was siqniticantly dependent

on sample dgnj;ity, there was no marked ‘difference in -

strenq{:h between the horlzontal and vertical /sample_s./

g Masterson et ,’al (isss(/b)) indicated that .spray-ice '
% # B \

stréngth increased with. decreasing température. Kemp”

e "
ce ' strength

©(1984) found ‘that for ir;situ , tests spral

increased ‘with depth to the wateri‘ine.' ‘, The strength also
" decreased with higher. salinities and’ lower "densities."\
Finnlly, he also stated that the ‘strength of spray-icé was

isotropic. e A : .
———In—the current invegtigation e Increase in strength o
S R SR B
with increasing ’sample deéensity and decreasing test

temperature was evident as mentioned abeve,' although the . \
depenéence of strength on {:est Y_tempera‘tu:e was not obvious. . '
It v}aé also- found that the strength increased with “\ :
confining pressn-ze and conéolidation time, as wgll' as
increasing strain rate. The trend towards an increase in
strength with confining pressure is similar to the ﬂndinqs L \ f‘
by Kemp. strength variations with salinity were not :
i s

addressed in this work. - ! i
% [ . ‘
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In Table 5%4.2, somaf.values for. spgay-—iee strength -and

other properties are, prnvided. It should’ be noted _'Ehp}t’\the
tests werel per!ormed, in most cases, at ditfer,ent"str;ain'
ra’tesr,(‘temperatures and sample P lensities. ane.tallyfih can
be said that fqr the spray-ite Xested, the sér-ength‘idras in

the ¥ange of the values provided by Prodanovic and Weaver.

All modulus an(ijstra'nqth values ' derived by Maséersc‘m were

considerably highér than those found. in, this experiment.
This could be partially due to testinq7 field specimens. #

'There are a few prnblems with compal ing tha currant
tests with t_;mse of others. The triaxx.al ’ésts reportad by
Masterscn et: al (1986(b)) were condubted at a ccntining

prassuza et 10.3 MPa which - was several times larger t:han

those used by Weaver ang in the current study. - Mastarsan
also teported on uniaxial test results . which exhibited

standard deviatjons 'of approximately half the repcrted )

qompressive strength. In some cases, the' standard

deviation was as great for the elastic. modulus. The

confining pressure for the triaxial results. by Kemp were

_mot reported, but  the~ aferage strength was approxuqa_tely

ten times higher than that found by Weavar, Prodanovic or
ourselves. The uniaxial tests by Kemp are. closer xn range

to the current tests, however,- the st:rain rate, was not
-

indicated. k: \ '\

_ . e
Weaver proposed that .the strength behaviour for

spray-ice ° '!n’ay range from the classical trictional




" behaviour of granular ‘materials to ‘the non-linear,

& visco-diastic haha’viour gf ice." From the work conducted,
 qa s i s A

® it ie expected that spray-ice is a material simi.la::~ to
solid poly-crystalline ice and ‘snow in * which ' Ythe

' Mohr-Coulomb failure énvelope is curved, rather than a

straight line. ‘From'this work it was determined that as with

snow and soil, the strength of spray-ice is:affected by

consolidation time. It is also dependent on strain rate,

= confining pressure 'and density.

Wi g s
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~' Durinq the course of this paper several estrvm:ions‘
were made ‘concetning equ:.pment and - procedure& which could
have een . (adapted or changed to improve the axperimantal *
techn que or the results in some manner. These issues will .
be yeiterated in this section. Also, as work progressed 51
became aééarent -‘that in several areas it would be-
beneficial if‘(fprther experimentation or ‘analygis were
performed. ] Sm:a \ot‘ the ideas for fu’t:uz'e‘ wétk will ‘bei
addrassad'.f \\ [

. The prassuremetar as a means of tindinq insitu mater}al
properties} is-a very useful piece of equipment. However, it
is worthwhila to mer\n\tzon a few concerns with this model It‘

was, foun that the _prassuremgter ¢ould have operated maf.f'e
euiciently at'law i:\gmperaturas iE’ its fluid ‘were less
"Xscous. Prcblems with t.h;a ‘probe membrane’ .leaking ’s\‘xqgest’:
that they could be better desxgned 7Finally, the prnhe also
caused problems when the exterxor metal- strips - datormad

severely or when spray-ice built \_.Ip\ under the metal strips.

: The borehole £6r the pressuremeter tests ‘'were made with én

ice auger ft;r t‘he LIMEX and Resalute experimants.} It formed
a f\airly rough: walled ‘hole, which could cause discrepancies

1n the res; 1ts. The three inch, core barrel used in Calgary

! was. far more suitable for the) b.

The Prcduction of' spray-ice' and the triaxial tests wge

| et [
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performed with few di\ziuulti,es‘r The major problem was the

lncunsiécant_ “operatiqn p! the cold soam usa;d bm.:h,, for
f;:_:ying /the ‘spray-ice and the triaxial téstinq. It
especially caused concern'. when 'storiqq the spray-ice. The
density ‘of the tr§axia1 samples varied by plus or minus ‘ten
percent. The error could havé been reduced if ani securate

z .
higher capacity scale was available: This would . have
< . S SN

prevented - the testing of.éafnplas that were not within the
. required” 'dgnsity _rarge. It shcu].d also be possible to
transfer the” “incoming d%ta directly to a personal computer,

“ which would make it pnssiblé to Collect more dat:a points

I
durinq tests with lcmget consolidation times and to perform
tests more ,easily at\fastezj and slowe st'r‘ain rates. ‘®

Exé.ﬁples'of future work 'ti'lat_ could be completed with

s ~
the given equipment are: 1)Pressuremeter tests could be®
p;rtorn;ed on spray-ice in the laboratory through the use

‘of a large drum-like contdiner. .This would enable variots

vertical loads to be: applded while performing controlled
tests on laburat\:éry spray-ice. 2)Creep tests Vand écﬁstar;t
strain tests’at various -rates - could be conducted wi)th the
pressureneter. '3)The ice cores' from the field experiments

could be used for unjaxial, triaxial or .other-testig. 4)The

triaxial tests performed were \'rez'y successful but furt.hex'- ’

wurk could . be dons at higher and lower strain rates and
cther temperatures. .

It would be/of interest to compane the results in this *
™ .

“ ¢ L Y
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oxperhlent with t‘ltl‘ rjartcnod on ice f.lmt is- torpad hy

© . salt watar spray.. 'l'hil ice 1- often a problu in thi_

i

' 1 mparison could b. oa-pf.t.d
\ - with the crushed ice formed from an ice sheet hph_\qg.nq on a
_.' structure. The uddit!.om:‘l work voﬁld further explain the

behavioux‘ of npray-ica in relation to othar naterlals.




1) In general the results',v including tr_:e stress-strain N

curves and - the strength values, of the triaxial tests

i:erfcrmed compare wgl} )ith those prevyiously conducted on 2
“ spray—ice."xt was found that these results aré close to - 5

those attained for granular-ice.

2) The behaviour of spray-ice i}s‘similar to that of

qranular ice and the tailurgsenvelope has a “shapa ’j.n.‘

y  agreenent wm:,sond ice or snow. 1tTan be said that : :

“ spray-ice does not act purely as a granular matezial. It's

cohesive_‘propert;ies_ cause it to Behave as a visco-elastic

material »Eimilgr to snow or solid ice. ‘ ¥

3) From the ‘triaxial tests conducted the ' following .

. strength dsﬁ:endencies are realized. ’ B ‘. 5 A
’ The .strength appears to increase slightly with .

decreasing tempe.zatur; ‘as it does with solid i’ce = and snw:

The ‘higher conﬂ;\ing pr’e_ssures cause gredter strength

values and an increase in the strain hardening of the

ux‘na_tatiul, as with granuiar icé. " ' .

.
The longer consolidation times result in an increase in

. the strength of the ice. . A

» ' Finally, the lower strain rate and lower sample density

A 184 N




" . o 5

-~ »v q“ave ’ sliqh(tly: lower -,s_t*renqt:h v;l\uas‘.
¢

4). ‘Although the results of the pressure| eter tesfs are-

~ considerably lower than the{ praviously rej ed, they do

7 compare roughly with the triaxial tests perlomed herein, and

the variation in the results is small. The\pressurametar

g3 tests on spray-ice in the uterature rovidedxonly values

compressive ' strength and elastic modulus, and it would
-

'requixe turther testinq -to accﬂrately derive :hese

& paramecers for this work. Generally the pressuremeter' Y

operated ‘well in' the harsh conditlons. Its contlnued use to:

\detemine spray-;(:e properti\s 13 recommended vith’ the

improvements already mentiored. . . ® £ .

5) The ERCL experiment ccn‘ap_leiéd in calgary ﬂemons:it\atea“: .,
that it is possi,hlé to perform' lafge-scale tests on
52 spray-ice outside’of the. arctic and to imp@ve product:ivity
B throuqh exparimentatian. . X o

6) The faboratory productien Q’f spr“ay-ice vas very -

‘successful. Large quqntities of qood ‘quality materhl wera !

. made ih-a x‘elativaly short period of time. ok

# . A

—_— : Through the vork pertdmed on spray-i.ce a’ cleuter —"

understanding of its behavioux: has been romuhu £ "I'here 4




S

still exists many options for future work to confirm these
‘findings and to further "explain this important and
interesting material.

Y * ® .
; ) . .
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Uncorrected and corrected pressuremeter test results tor
Ca gary expeximents.

Table of ice core infometion for pressuremetsr
experiments. R . -

Calibration cuxves for pressﬁrem‘etg’r experiments. -

Corrected pressuremeter curves for Calgary spray-ics
. experiments. '




‘

. . . CALGARY PRESSUREMETER TfST #1

» "

Volune Pressure ] Corrected Corrected
' {€c) (KPa) Volume (cc) Pressure (KPa)
s ey
0 0 ) 0.00 0.00
N 7 60 25 59.04
120 40 118.46
180 50 3177. 69
240 85 236.72
300 115 , - . 295.57
+360 145, 354.41
420 175 413.26 -
480 _220 471.52
540 260 529.98
- 600 300 588. 44
T 660 335 . 647.09
720 370 705.74
789 395 764.78
“_ 840 425 823.62
¢ . 900 435 883.24
960 455 | 942.46
- 1020+ 485 1601.31 -
1080 495 1060.92 i
1140 500 L, 1120.73
1200 510 1180.34
. :
' QALGARY -PRESSUREMETER TEST #2
- i v i s
Volume Pressure ~“Corrected Corrected
(cc) (KPa) Volume (cc Pressure (KPa)
0 0 . T0.00 - _ 0.00N
60 0 60.00 0.00
120 20 T 119.23 0.00
180 45 178.27 0,00
240 65 ~ 237.49 9.80
300 .90 296.53 26.30
360 120 355.38 47.83 A
420 165 413.64 84.4%
480 198 472.37 ,108.98
540 230 531.14 132.52
600 255 590.17 149.02
660 280 649.21 165.51
. 720 305 708.25 182.01
780 1335 . 1767 . 09 203.54
840 355 826.32 215.01
(“7 900 375 885.55 226.48
960 395 :¢ | 944.78 237.95
1020 420 1003.81 254,45
1080 435 1063 . 24. 260.89
1140 450 1122. 66 267.34
. 1200 470 1181.89 - N 278.81
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CALGARY, ;gssm TEST 43

Z- Volume Pressure Correct: Correct:
(cc) (KPa) Volume (cc) Pressure (KPa) i ® %
8 . < . > =
. G o R 0.00 _ 0.00 . 2
60 [ 60.00  ° 0.00 £
120 ~—20 119.23 0.00
180 50 178.07 3.36
% 240 95 236.33 - * 39.97
300 150 294.21 86.63
360 200 352.28 128.27
420 \ 245 410.55 164.88
480 = - 285 469.00 196.46
540 325 527.46 228.05 .
600 3ss - 586.30 249.57 0
. 660 390 644.95 ¢ 276.13
720 (420 703.80 297.65
% 780 445 762.83 314.15
L 840 470 821.87 330.65
A 900 480 881.48, ° 332.07 § B
960 ' 500 940.71 343.54
i .1020 1 505 -~ 1000.52 +339.93
% N , 1080 | 520 1059.94 346.37
= 11407 | " 530 . 1119.55° 347.78,
. . 1200 535 1179.36 344.17
CALGARY PRESSUREMETER TEST #4 .
Volume Pressure Corrected Corrected N
(cc) (Kpa) Volume (cc) Pressure (KPa)

0 5 [ 0.00
60 - o 60.00 2
‘W 120 120.00 -
180 is . 7179.42 e
Vi . 240 35 238.65 - 3
300 65 297.50 %
360 105 355.96 2 -~ 3
420 ‘150 414.23
480 180 473.07 X &
540 220 531.53 -
= 600 < 245 - 590.57 i
660 275 649.41 i
Y 720 300 708.45
J 780 | 325 . 767.49 #
. 840 350 826.53, g & ,
900 375 885.56 3
- 960 400 < 944.60 ¥
1020 435 1003.25
& 1080 & 450 1062.68 i
g 1140 470 v 1121.91 287.45

1200 485« - 1181.33 293.89




I 8 CALGARY PRESSUREMETER TEST #5 . / i
. Volumg Pressure Corrected . Corrected !
(cc) (KPa) Volume (cc) Pressure (KPa) /
0 ) 5.00
60 0 60.00
120 4 1P.85
180 25 1%, 04
240 50 238.08 -
: 300 70 297.31
. 360 w100 356.15
420" 140 . 414161
480 175 473.26
540 200 532:30
600 230 © 591.15 5
660 265 649.80 N
720 285 709203
780 300 768.45
» 840 325 827.49
900 345 886.72 .
960 355 . 946. .
1020 : 365 1005,95 .
¥ 1080 385 . ' 1065.18
1140 409 *1124.60
1200 415 1184.02

CALGARY PRESSUREMETER TEST #6 v

Volume Pressure Corrected. - Corx"‘ected.
(ce), ~ (Kpa) ! Volume (gc) Pressure (KPa)
- [ 0. v 70,00 G.00 .
79.9 ‘s 77.01 | 42.91
142.5 150 136.73 109.31
201 225 199.34 175.30
\ 285 300 273.45 239.62 2
371 375 356.56 ~302.66
E . 459, 450 441,68 365.40
592 525 571.79 . 421.66
729 | - 600 705.90 477.35 .
« 3 N 865 5 : 675 839.01 +533.18
1018 750 ° 989.13 - 585.57
- 196
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3 -y :
CALGARY PRESSUREMETER TEST #7- |

Volume; . Correctedg Corrected
A (cc) Volume (cc) Pressure (KPa)
< 0 0 0.00 0.00
125.5 75 . 122.61 36.34
$ 205.5 150 199.73 100,24
284.5 225 #275.84 164.28
371 300 359.45 . 227.24
S 463.5 375 449,06 289.34
! 576 450 .. 558.68 348.55
g 699 525 - 67879 406.25
836 600 812.90 461,94
.972 675 946.01 517.77
1124.8 , 750 1095.93 571.18
4 [ =
1 .
. CALGARY PRESSUREMETER TEST #8
£ Volume Corrected Corrected
“(ce) Volume (cc) Pressure (KPa)
+0.00 0.00
~ 147.5 144.61, 33.18°
230.4 224.63 96.65
¥ 304.9 296.24 161.34",
389 377.45 224.65 -
480 465.56 286.96
585 567.68 347.25 |
’ 706 685.79 405.25 -
. 838 814.90° " 461,65
965 939.01 518.78
1111 1082.13 5§73.17
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émmw PRESSU’REHE&R TEST #9

Volume Pressure Corrected -

Corrected
(cc) (KPa) Volume (cc) Pressure (Kpa)
7.0 n 0 0.00 0.00
238.1 100 234.25 45.27
323.2 . 200 315.50 133.57
- 380.6 300 369.05 225.86
- a28.4 400 \ 413.00 339.53
477.7 £ 500 - 458.45 412.98
527.5 600 504 .40 506,37
584.0 . 700 557.05 98.78
653.0 800 622.20 -+ 689.40
732.0 900 - 697.35 778.58
826.4 . 1009 787.90 ‘865,54
. 2
CALGARY PRESSUREMETER TEST #10 . )
Volume™ — Pressure Corrected  Corrected
(cc) * (KPa) Volume (cc) ' Préssure (KPa)
o - [ 0.00 0.00
328 150 322.22 82.60
463 300 451. 44 213.99
\ 574+ 450 - 556.66 348.84
696 600 672.88 482.11
848 750 819.10 611.05:
1042 900 1007.31 733.95
%




ffixor zce core serss

LIMEX Resolute calgary

Test No. Sample Size (cm) Label No.  Sample.Size (cm) Test No.

sample Size (cm)

/,a&ha) 8.1 22 0 12.7xpL.6x4 1,6
1 15.2,35.6,28,17.8 . 15 12.7x21.6x14. 2,7
2 43.2,40.6 © a6 10.2%20.317.8 . 3,8
2(floe)  27.9,26.7,33 22 1_4:15.5&154: ¥ 4,9
B 20.3,25.4 25 1esxas.oane. 5,10
e | 223,279 26 f0.3x24m0.2 Yoo,

7,8 36.8,38.1,29.2,33 27 . 14x20.3x20.3 3 %

33,38.1,35.6 12.7%17.8x17.8 \

B - 2

AX : o2 . m’:x;x.ep'r.g_ =

: 2 'n.mo“ XIS ¢
?

16.5%16.5x17.8 -

oA 2 16.5%17.8x16.5  \
Testd.9 - 25.4 -
*4/17.8 cu each

=7
Note:Resolute samples were in. block fors except for test 9. .
All the rest of the samples vere taken from cores.
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'hble of salinity rasultn and load can LVDT and thermistor
cal ibrations.

Triaxial t:as\:- information; canbrations and initial
results tor eac? test. -

stzess-strain curvaa for each group of teur.s.

5

. " Photographs of triaxial samples.‘ v - N




3 .
3 RECORD OF SALINITY RESULTS
—7 ~ e F
Date Tested - Test No. Capacitance, Salinity 0/00 * 5
P (mvolt, avg.) (at 2 c)
. /
oct.30/87 . 9 12.5 -
.. Nov.17/87 10 % 15.9 ¥
.. # Nov.17/87 13 14.4 =
Nov.20/87 none 25.6 .
Nov.20/87 none 24.6 .
Nov.20/87 . none " 25.1
Nov,23/87 b SO 13.5 [ z
Nov.25/87 18 14.3 -
Nov.26/87 7 19 tY 15,4 .
Dec.2/87 -20 : Y1841 i
Dec.2/87 L 1757
Dec.4/87 ™ 222 - 20.9 .
Dec.4/87 .23 22.8
Dec.7/87 wAE 17.6
Dec.8/87 25 - A3.5 .
Dec.8/87 26 —~/ 10.4
Dec.9/87 27 14.5
Dec.11/87 g 28. o133
Dec.11/87 29 12.0 - 5

* Note:Sample taken either day before or day tested: .
Sample stored in sealed container while-melting.
,Sample brought cldse to 20 deg. C before testing. \
Thre!l tests pertomed for each sample..
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"INITIAL LOAD CELL READING (UNIT OF READINGS)=

. CALIBRATION-COEFF. FOR, LOAD CELL (kN/UNIT)

triaxial test #5 Y

INITIAL DIAMETER OF SPECIMEN (MM)

= .71.70
FINAL HEIGHT OF SPECIMEN (MM) ='112.30
FINAL DIAMETER OF SPECIMEN (MM) = 75.50
LATERAL .CELL PRESSURE (kPa) = 86.19

CALIBRATION COEFF. FOR LOAD CELL (
INITIAL LVDT READING {UNIT OF READINGS)
CALIBRATION COEFF. FOR LVDT (MM/UNIT)

INITIAL LOAD CELL READING (UNIT OFigEADINGS)=
/UNIT)

triaxial test t’e

INITIAL DIAMETER OF SPECIMEN (MM) = 71.70
FINAL HEIGHT OF SPECIMEN .(MM) . = 106.55
FINAL DIAMETER OF SPECIMEN (MM) = 75.88
LATERAL CELL PRESSURE (kPa) = 86,19

CALIBRATION COEFF. FOR LOAD CELL (kN/UNIT)
INITIAL LVDT READING (UNIT OF READINGS)

CALIBRATION COEFF. FOR LVDT (MM/UNIT) =

{riaxi-al tes( #7

INNIIAL DIAMETER OF SPEGIMEN (MM)
FINAL HEIGHT OF SPECIMEN X MM)
FINAL ‘DIAMETER: OF SPECIMEN (M)
LATERAL CELL PRESSURE (kPa)

INITIAL LOAD CELL 'READING (UNIT OF READINGS)-

INITIAL LVDT READING (UNIT OF READINGS)
CALYBRATION COEFF. FOR LVDT (MM/UNIT)

4.000000
0.004448
-1. 080000
10.283800

4.000000 X

53 868000

'

4.000000




triaxial test #8

' INITIAL DIAMETER OF SPECIMEN (MM)
FINAL HEIGHT OF-SPECIMEN (

FINAL DIAMETER OF SPECIMEN (MM)
LATERAL CELL PRESSURE (kPa) L= 93.08

. INITIAL.LOAD CELL READING (UNIT OF READINGS)=
CALI&EﬁTION COEFF. FOR LOAD CELL (kN/UNIT)

LVDT READING (UNIT OF, READINGS)
CALIBRATION OUEFF FOR LVDT (MM/UNIT) = 5

~
triaxial test #9

~
INITIAL DIAMETER OF SPECIMEN (MM) =
FINAL HEIGHT OF "SPECIMEN (MM) ="110.17
~FINAL DIAMETER 'OF SPECIMEN (MM) =
LATERAL CELL PRESSURE (kPa) =

INITIAL LOAD CELL READING (UNIT OF READINGS)
CALIBRATION COEFF. FOR LOAD CELL (kN/UNIT)
INITIAL LVDT READING (UNIT OF READINGS)
CALIBRATION COEFF. FOR LVDT (MM/UNIT)

.
8o

W
=

triaxial test #10

INITIAL DIAMETER OF SPECIMEN (MM) =
FINAL HEIGHT OF SPECIMEN (MM) .=
FINAL DIAMETER OF SPECIMEN (MM) = 79.82
LATERAL CELL. PRESSURE (kPa) =

INITIAL LOAD CELL READING (UNIT OF READINGS)=
CALIBRATION COEFF. FOR LOAD CELL (KN/UNIT)
INITIAL LVDT.READING (UNIT OF- READINGS)

CALIBRATION COEFF. FOR LVDT (MM/UNIT) =

25
. 004448

. 000000
.004448
-0.274000
.862598

000000
222100

. 860001

o

. 000000
. 004448
. 010000
. 494500




triaxial test #11

INITIAL DIAMETER OF SPECIMEN -(MM)
FINAL HEIGHT OF SPECIMEN (MM)
FINAL DIAMETER OF SPECIMEN (MM)
LATERAL CELL PRESSURE (kPa)

.\ K <
INITIAL LOAD CELL READING (UNIT OF ‘READINGS)=
CALIBRATION COEFF. FOR LOAD CELL (kN/UNIT)
INITIAL LVDT READING (UNIT OF READINGS)'
CALIBRATION COEFF. FOR LVDT (MM/UNIT) -

triaxial test #12

INITIAL DIAMETER OF SPECIMEN (MM) =
FINAL HEIGHT OF SPECIMEN (MM)

FINAL DIAMETER OF SPECIMEN (MM), &
LATERAL CELL PRESSURE (kPa) = 79.28

INITIAL LOAD CELL READING ( OF READINGS)=
CALIBRATION COEFF. FOR LOAD! L (kN/UNIT)
INITIAL LVDT READING (UNIT READINGS)
CALIBRATION COEFF. FOR_LVDT (MM/UNIT)

triaxial tést #13

INITIAL DIAMETER OF SPECIMEN (MM) = 71.70
FINAL HEIGHT OF SPECIMEN (MM) = 117.05
FINAL DIAMETER OF SPECIMEN (MM) = 75.96

. LATERAL CELL PRESSURE (kPa) =172.37" *

INITIAL LOAD CELL READING (UNIT OF READINGS
CALIBRATION COEFF. FOR LOAD CELL (kN/UNIT)
INITIAL LVDT READING (UNIT OF “READINGS)
CALIBRATION COEFF. FOR LVDT (MM/UNIT)

W

217

bdow

!
adoo

awon

.351700

000000
004448 -
560000 o

.351700

000000

. 004448
.540000
.454000

.000000
. 004448

930000




triaxial test’ 3‘14/

INITIAL DIAMETER OF SPECIMEN (MM) 71.70
FINAL HEIGHT OF SPECIMEN (MM) 116.80 -
FINAL DIAMETER OF SPECIMEN (MM) < = 74.78
LATERAL CELL PRESSURE (kPa) 2 172,37
-

INITIAL, LOAD CELL READING (UNIT OF READINGS)=  6.000000 - '
CALIBRATION COEFF, FOR LOAD CELL (KN/UNIT) =  0.004448 f
INITIAL LVDT READING (UNIT OF READINGS) = -2.074000
CALIBRATION COEFF. FOR LVDT (MM/UNIT) = 5.351700
triaxial test #15 4 N
INITIAL DIAMETER OF SPECIMEN (MM) s -
FINAL HEIGHT OF SPECIMEN (MM) 4
FINAL DIAMETER OF SPECIMEN (MM) = 75.54
LATERAL CELL PRESSURE (kPa) = 172.87 . 1
INITIAL LOAD CELL READING (UNIT OF READINGS)=  6.000000
CALIBRATION COEFF. FOR LOAD CELL (KN/UNIT) =  0.004448 ~
INITIAL LVDT READING (UNIT OF READINGS) = -2.786000
CALIBRATION COEFF. FOR LVDT (MM/UNIT) = .5.351700
tri\axial “test #16

\ o
INITIAL DIAMETER OF SPECIMEN () = 71.70 i
FINAL HEIGHT OF SPECIMEN (MM) 117.30
FINAL DIAMETER OF SPECIMEN (M) 79.87
LATERAL CELL PRESSURE (kPa) = 79.30
INITIAL -LOAD CELL READING (UNIT OF READINGS)=  4.000000
CALIBRATION COEFF. FOR LOAD CELL (kN/UNIT) =  0.004448 ”
INITIAL LVDT READING (UNIT OF READINGS) = -2.330000
CALIBRATION COEFF. FOR LVDT (MM/UNIT) = 5.35L700

218




axial t ion

triaxidl test #17

INITIAL DIAMETER OF SPECIMEN (MM)
FINAL HEIGHT OF SPECIMEN (MM)
FINAL DIAMETER OF SPECIMEN (MM)
LATERAL CELL PRESSURE (kPa)

INITIAL LOAD CELL AEADING (UNIT OF READINGS)

= 8.000000
CALIBRATION COEFF. FOR LOAD CELL (kN/UNIT) = _ 0.004448
INITIAL LVDT READING (UNIT OF READINGS) = '-3.480000,
CALIBRATION COEFF. FOR LVDT (MM/UNIT) = 5.351700°

| ‘triaxial tesh #18 . L&
‘INITIAL DIAMETER OF SPECIMEN (MM) = 71.70 .. ' i 5 8
FINAL HEIGHT OF SPECIMEN (MM) = 118.85 ]
FINAL DIAMETER OF SPECIMEN (MM) = 75.42 -
LATERAL ' CELL PRESSURE (kPa) = 86.19 ;
INITIAL LOAD CELL READING (UNIT OF READINGS)=  4.000000 E
CALIBRATION COEFF. FOR LOAD CELL (kN/UNIT) 0.004448° -
INITIAL LVDT READING (UNIT OF READINGS) -g.gggggg

CALIBRATION COEFF. FOR LVDT (MM/UNIT) =

triaxial test #19

INITIAL DIAMETER OF SPECIMEN (MM)

FINAL BEIGHT. OF SPECIMEN (MM)

FINAL DIAMETER OF SPECIMEN (M)
.“LATERAL, CELL PRESSURE (kPa)

INITIAL LOAD CELL READING (UNIT OF READINGS)= 2 00000,0/
CAL.IBRATION COEFF. FOR LOAD CELL (kN/UNIT)
INITIAL LVDT READING (UNIT OF READINGS) _
CALIBRATION COEFF. FOR LVDE (MM/UNIT) .= 5/351700

W
@~
o0
-
o~

e




triaxial test #20 :

INITIAL DIAMETER OF SPECIMEN (MM)
FINAL HEIGHT OF SPECIMEN (MM)
FINAL DIAMETER OF SPECIMEN (MM)
LATERAL CELkPRESSURE (kPa)

INITIAL LOAD CELL READING (UNIT OF RRADINGS i 2.000000
CALIBRATION COEFF. FOR LOAD CELL '(kN/UNIT) 0.004448
INITIAL LVDT READING (UNIT OF READINGS) -2.260000
CALIBRATION COEFF. FOR LVDT (MM/UNIT) = 5.351700
7

triaxial test #21 S/ : ] . =
INITIAL DIAMETER ‘OF 'SPECIMEN -(MM) ‘= 71.70

FINAL HEIGHT OF SPEC, HEN (at) = 113.80,

FINAL DIAMETER OF SPECTMEN (MM) | = 80.78

LATERAL CELL Pnsssuﬁs CkPa) | = as.82

INITIAL LOAD CELL READING (UNIT OF READINGS)= 4.000000
CALIBRATION COEFF. FOR LOAD CELL (kKN/UNIT) = _0.00
INITIAL LVDT READING (UNIT OF READINGS) = =3.0 00 *
CALIBRATION COEFF. FOR LVDT (MM/UNIT) - 1700

triaxial test #22

ITIAL: DIAMETER OF SPECIMEN (MM) = 71,70

F L HEIGHT; OF SPECIMEN (MM) = 110.05 v
FINAL DIAMETER OF SPECIMEN (MM) = 75.96 ¢
LATERAL CELL PRESSURE (kPa) = 172,37

. P & i :
INITIAL LOAD CELL READING (UNIT OF READINGS)= 6.000000
CALIBRATION COEFF. FOR LOAD CELL (kN/UNIT) = - 0.004448

INITIAL LVDT READING (UNIT OF READINGS) = =3.130000
CALIBRATION COEFF. FOR LVDT (MM/UNIT) = 5.351700
- ’

220




N

triaxial test #23

FIi GHT OF SPECIMEN (MM) .
- FINAL DIAMETER OF SPECIMEN (MM)
LATERAL CELL PRESSURE (kPa)

ITIAL DIAMETER OF SPECIMEN (MM) =

71.70

=7108.05

76.20

= 172.37

INIPIAL LOAD CELL' READING (UNIT OF READINGS)= 4.000000
CALIBRATION COEFF. FOR LOAD CELL (kN/UNIT)
INITIAL LVUDT READING (UNIT OF READINGS)_

triaxial test #24

¢ INITIAL' DIAMETER OF SPECIMEN (MM)
FINAL HEIBHT OF SPECIMEN " (MM)
FINAL DIAMETER OF SPECIMEN (MM)
LATERAL CELL. PRESSURE (kPa) )

" CALIBRATION "COEFF. FOR .LVDT (MM/UNIT)

71.70.
112.80

78.46

86.19

= 0.004448
= —2.447000
& S.351700

INITIAL LOAD CELL READING (UNIT OF READINGS)=  4.000000
CALIBRATION COEFF. FOR LOAD CELL (kN/UNIT)
INITIAL LVDT READING (UNIT OF READINGS)

triaxial test #25

INITIAL DIAMETER OF SPECIMEN (MM)
2 FINAL HEIGHT 'OF SPECIMEN (MM) -

-FINAL DIAMETER OF SPECIMEN (MM)

LATERAL CELL PRESSURE (kPa)

& lN’lTIAL LOAD CELL READING. (UINIT OF READINGS)=

CALIBRATION COEFF. FOR LVDT (MM/UNIT)

71.70
113,05
77.54

X 86,19

CALIBRATION E0EFF. FOR LOAD CELL (kN/UNIT)
INITIAL LVDT READING (UNIT OF READINGS)
CALTBRATION COEFF. FOR LVDT (MM/UNIT)

221

= 0.004448
= —2,4630000
= 5.351700

4,00000Q0
= 0.004448
= —2,300000 . :
= 5.361700




)

s

triaxial test #26

INITIAL DIAMETER OF SPECIMEN (MM) = 71.70

FINAL HEIGHT OF SPECIMEN (MM) = 115.17
FINAL DIAMETER' OF SPECIMEN (MM) <= 74.92
LATERAL CELL PRESSURE (kPa) = B2.74

INITIAL LOAD CELL READIWG (UNIT OF READ INGS)=

CALIBRAT LON COEFF. FOR LOAD CELL, (kN/UNIT)
INITIAL LLVDT READING (UNIT OF READINGS) -
CALIBRATION COEFF. FOR LVDT (MM/UNIT)

triaxial test #27

B N .
INITIAL DIAMETER OF SPECIMEN (M) = 71.70
FINAL HEIGHT SPECIMEN (MM) = 110.55
FINAL DIAMETER OF SPECIMEN. (MM) = 75.98
LATERAL CELL PRESSURE (kPa) = 82.74

.

INITIAL LOAD CELL READING (UNIT OF READINGS)=

CAL IBRATION COEFF. FOR |[LOAD CELL CkN/UNIT)
INITIAL LVDT READING -(UNIT OF READ INGB)
CAL IBRATION COEFF. FOR LVDT (MM/UNIT)

2.000000
0.004448
-2.610000

5. 351700

2.000000

0.004448

=2,790000

5.351700
El




triaxial test #28

INITIAL DIAMETER OF SPECIMEN (MM) = 71.70

FINAL HEIGHT OF SPEGIMEN (MM) - ‘= 111.0S5
FINAL DIAMETER OF SPECIMEN (MM) = 77.00
LATERAL CELL PRESSURE (kPa) =  82.74

INITIAL LOAD CELL READING (UNIT OF READINGS)=, 4.000000
CALIBRATION COEFF. FOR LOAD CELL (kN/UNIT) = 0.004448
INITIAL LVDT READING (ONIT OF READINGS) = =3,300000
CALIBRATION COEFF. ' FOR LVDT (MM/UNIT) - 5.351700

P

triaxial test #29

INITIAL DIAMETER OF SPECIMEN (MM) = ' 71.70
FINAL HEIGHT OF SPECIMEN (MM) = 113.55
FINAL DIAMETER OF SPECIMEN (MM) = 75.04
LATERAL CELL PRESSURE (kPa) = 172,37

INITIAL LOAD' CELL READING (UNIT OF READINGS)= 12.000000
CALIBRATION COEFF. FOR LOAD CELL . (kN/UNIT) = 0.004448
INITIAL LVDT (UNIT OF ) = =3.260000
CALIBRATION COEFF. FOR LVDT (MM/UNIT) = S5.351700

" .
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b . - Stress-Strain Curve
& - (86 kPa, 1.45x10E-4/s, 4 hrs, -10 deg.C)
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. stress-strain ‘Curve
(45 'kPa, 1.45%10E-4/S, 4 hrs, -10 deg.
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(172 kpa,

Stress-strain Curve
1.45x10E-4/s, 4 hrs, -10 deg.C)
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(s kPa, 1.45x10E-4/s, 19 brs, -10 deg.C) -

Stress-straxn Curve
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. Stress-Strain Curve ,
- (86 kPa, 1.78x10E-5/s, 4 hrs, =10 deg.C):
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Stress-strain Curve
(45 XPa, 1.45x10E-4/s, 19 hrs, =10 deg.C)
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Stress-sStrain Curve
(86 kPa, 1.45x10E-4/s, 4 hrs, -$ deg.C)
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Photographs of Triaxial Samples
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% S\Pnetcgraphs o
. LIME:

£ thin sections on samples from Resolute,
X and Calgary.experiments and the triaxial

-tests. N
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calgary Thin Sections
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