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5 ABSTRACT ' ) o . . i\
! The critical stress intemaity factor, Kjg, of artific-

i » | 1ally grown fresh wate: ice was measured by means of a three o
,Point bend ‘test-on an edge\ 3 lar 3 ( E .

- . (22.86 om % 5108 cm x 2.54 cm) as a fanction’ of- the cross | vigsa

: ; ’ ’ spe_ed, graif size, and temperature. The results for fresh

o water 1o showed thit K, ‘increases as the test, temperatire .

. and cxoss head speed decreases The results showed thaj the .

I . qrain\ size has~a proncunced effect on thd value of the ic" -
T ‘as the grain size incrqases so dsés the Yalue of s!tess(inten-
: ' . sity factor (ch).' ) ) .
) . B special: fréazing chambar' vas desiqned to produce artif- e’ '
’ toihl ] qro% séa.ice with a constant brine volume. The eritical,
. stress| intensity factor, Km, for’?pruficrauy grawn‘saline dce |,
wa's measumi at -4°c, 27°C, “11%C, ‘and -20°C for cross head .

speeds Of 2.5 f/niin., S.mm/min. and 50 mm/mix. < As for fresh

o ‘water ige the Kyg was' strongly dependent on the test temperature,
i o

. : «cross Ahead speed,’ and grain size of the specimen.

I~ E‘inally the non-linear f:acture toughness of saline ice _

.was eg(a.mined, and the strain energy release rate (G),.and the’
i L yield scl-ess for each'ice specimen was calculated and is - .

repa:ted X . : A

v .uecans nf the crystal structure hnd the Young s modulus

e ’ ‘v for saline ice, together with a theory of non-linear ‘fracture

toughnesn, are presented in thd" hppendaix.
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NOMENCLATURE

crack length
half the crack length
increment of. crack exiension‘
change in strain e;ex‘qy

work done by extérnal £prces

Young's modulus
strain energy release rate

5 Ky
.specimen width

boxkt'sloclated with' plastic and
viscolis flow i

-load of failure e
* span length °

traction vector -

. strain epergy density

. depth of the specimen
' . height of the knife ‘edge

surface’ energy
‘ corrected cruik opening“displacement
measured crack opsning displacdmant
TPoisson"arratio, 3
stresss . .

yield strength of ice

surface energy




/\4 flaws‘exist in lhke ite and seb-dice. ThereFore linea

material’ conatanq]mand 1t does raveal the proper fracture prep-

InTRODUCTION « Lo S

In the last ten years, because of pronounced lncxease in
activities in the Arctic axvnd ‘Antarctic there has been a sFeady
demand for sblution of incréasingly difficult problems that
depend pon a Kiiguledgs ot mechgnical properties of ice (eresh

water ice and saline iok). Mechanical prope: v af ice have

been studied extensively by means\of cnmpzeésion, bendi.ng and
shear tests. (The modulus of elasticity of sea ice 1s presented
in the Appendix) . Howsver it,is hard. to understgnd the fzachge }

phenomtena of ice from thdse teat reeulte, sim:e many ‘crack-like

elastib
‘fracture mechanics, which can deal with suwtances containinq ¥

cracks, should be/appliéd to understand the: fracture’ phenomenn

of ice, Severa]. results, of- measurements for critical stzess &
intensity factor, ch are avauable in the ncerature fo: fresﬁ
water,and sea Ace. O . S . 5

ue I'n crder for ch to'be.a valiﬂ value, :ha most‘impottam:'

restriction is that thd size of thé plastically d‘ fored  vplirie

1n the vicinity of a crack tip sho a ‘be smalle‘r than any dimansionAb

'of ‘the specimeén. If this .condition is satisfied chen xl dsa

“agation of ice.

The grain size effect had beew examined by diiferent invest-‘

igators, (Hamza and Muggeridge (1979) ‘Urabe and chh!.tuka (1930)),

* consequently - ‘the grain size effect aho\xld be considered\ 1n the _‘

g " y > .

expetiments . ; : s v

There also should be a paxametex to maasure the amount of > >

duc&ilagy or visco-elasticicy develgpgd in gaq[\_,i:e specime




{ )

- nmiue approaches the ‘ice.s! rength from a more realistic point

b nf view basea on tha fact that me in the. fleld contains a

ice. ® A 2

] n\ultiple erac

1.0 Fracture Toughness

Eracture Toughness ) !

In the last fey‘)&:ades, aifferent; researchers. have béen -
studying the .mechanical properties of fresh water ice*and i, T

saline ‘ice by means of small scale or full scald tests. :rhe R

state Of the art of this sub]ect has been px‘esented by Weeks o

Eracture tougtmess of dcel vThis has! opened the door for the L R

The tec.

application of ftactﬂ{e mechanics to icé- problems

1arg; number’ oé randomly oriented cracks. The work by previous 5.0 LN B

investigators li.ke L;u and Loop (1972)

Vaudrey (1977)” -
-soodman (19771 and Hanza and Miggeriade (@78 :1983). has, shown

the need for mox‘e work to be done ta investlgate the effect

of. the test ‘tsmperature and the luading Yate on frapture

toughneﬁs, and to detemine an udequate paramecer which con-

rols the non-liax: and yi‘scoslastle fraccure toughness of s

Althcugh aata exist o the nuc‘leqq;on of cracksy and’, ", .

interactions in strength tésts’ in ice, (Goodman, .

N
; 1978); little information exiats .on the critical stregs -

required to make a crack: of 'known geometxy propagate. Thé"

concept of fractlre tougtinkss is widely used in Eha metals . o

literature, but hns not yet- ained a wide acceptance 1n the

ice litexat\lre and so a shorts outllne wi.ll be given here. te



Comprehenslve rev(ews of fracture r.ouqhness can be found

# I‘x ‘Lawn, anﬁ Wllshaw (1975),, Knott (1973’ ~'In a brittle solid;

kis a crltical stress at which a crackrbecomes unstable, o

/ ther
Tt | and! pxoﬁqates.' Grafeith (1920) £1rat ‘showed, by ‘a- Sinple

% energy argull\ent, thch -avoids f.be need to know the stresses at

he crack tip, . that the crlf_lcal stress for a cragk of length

2Cin an gnfmite body, with- a«stresa 0,-at right angles to the.

1 ‘
4% crack rplax\e is. obtained by equatinq the rate of strain energy

g - release to the 1nctemental wotk done to create nao: s\xrfnce. .

c

28 T 1727
mc .

-

gl ’A‘his«gives . g . o " -

Toleg=i

"where'T is theé surface enérgy, C the half crack léngth, ‘and

Young s, md\ﬂuu, £f the & k is in plane scress un plane ¥
&/stmin E would be replaced by E(L = © v)?, where -V is Polsson s

This expression

/ ¥ rath) The crhck geametry is qiven in ng‘ A

i A_crack can open 'in three Ways: Ences ¢an be pulled apart
coe 2
by a stresa ncrmal to, the crack plana (mode I), the faces can

be ‘sheared ovet: each other perpendlcu}ar t6 tHe crack front
‘(mode’II), or the faces tan be sheared ‘parallel to the crack
‘£ront’ (mde IID). e are concerned, here only with the'mode 1

case, in whlch cale the Etressaa at the tiP of a sha:p cxack

1«F the 11near or elasti\c approxmtion are given by: -

was sut;cessful,l used to explain the brittle fmacture of glass. :




P . .- :
R aF
| . ‘ . .
| g F . 3
LRy : - ¢ i
; o, = - cos (8/2)_[]1 - $in (8/2) Sin (38/2)]1 ' . ’ 4
o e e A ’ v . e
@ . - - - *
= Ry Ve ) X ~ s
P —2 cos (8/2) [1 + sin 8/2) Sin (30/2)] .
PR /2mE . e S Lo
= in (8/2 30/2 : . \ o
Pl 2"sn(/)cosw/z)cos( /) ,/')" S
% & strain % b ¢ .
FR % T vt UV.Y) : -
N " % P
. ana- s . .
‘ * 9%z = Oy = 0 asr & Z' £ 3

vt . K,l the stxess 1ntensity factor, is a material constant which
ey "' scales ‘the local stxesses close to the c:acx\ bm—, also depends

I & on ‘the position nf ]

opening)

2T . Griffith (1921 }924) ﬁomulated a fXﬂctler cxiterlcm‘?ased

_on the hypothesis:of straid energy xélsnsa rate. ".He px‘opesed
that cracks, start pzopaqutinq when »the strain ener_gy releaae rate’
. breaches or exceeds a cnuéai value which equnls the éneray re-

quir.ed' to, form a new aurtace.v Expériments have ahu that' Grifﬁth"

’ cxitexiun 15 very(good for brxt e r‘atex'ial-.‘ Howsver, chese uame

|

i

{A ' » a;‘periments have: ahowp that’ therd u & need fora mad).fied ct!.tat ‘o
| \,/’ J.on for auccue naterials.'’ Orowan 1950) arld r:uln (1943, 1960)




. ¥ b N )
o available for ‘crack propagation,’ should be egualled to the sum
of the surface enerqy and the work associated with plastic and

Visccus flow. . - N e . . ‘s,

b i TR . e
S dw - .du _pe N - 3
*—'=T—G>>(2Y+P)

! swherd + ' Y %

dw-du‘ B

o el J
Vork done “by. external’ forces. Hy e
au. =vcha\1ge\1n strain enezgy < . L . §

strain energy release xate 5y & o . o

of crack’Sxtension (briginal length of crack = 2) «

-~{= “surface eﬂexgy L D . i ) : .

stuﬁy i
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They studied the.effect of rate of 1oqd‘1ng and test temper-

ature on the fracture toughness.. Their results show that ch i H

as test’ and rate of loading decréases. i

., A recent study by Gocdman (1917) describes the usé of =
three and feu: point bending specimens and the medium crack

“formation concept to estimate fracture toughnus of fresh water ]
; § ~
ice, -: - o g b i

Vaudrey i1917) and’ Urabe and Yoshitake (1980) have perforv\ned

. soms insitu tests and x‘epox‘ted values iox the facture tnnqhnedu %

. J .of sea water ice. In expe:in\ents done by Vaudrey four point ‘\ .
bending specimqns were used to study the effect of brine voluma

on fractute toughness. " [

y . 9 The- present yoxk is concerned with a program of small :’fo] i
e |
expg:s.meny.s which is developed in order to’ determine Lhe Eractuxdl ‘ !
i |

toughness of fresh water ice as nil as salt vater ice-in terms

L. “of failure (K)). In both Pxpezlnents the three point benrunq
compact specuxen ‘has beer! used, the pzocedum has been,pzopused

in ASTM E-399 (1980) in order to determind t_heAplane strain

fracture f:unghness (l(m

G 1.1 1 for Fresh Water Ice

i & _Présh water ice was grown in a domircl@lly .a;zauahle cold ¢ X
. "room. This ice wn free of air bubbles due to the use of

- . boiled tap water. The ice was: grown at =22°C in boxes measuring

61 x 61'x 61 cm. Ice blocks of 15-18 cn thickiess were forned
in 4 to'5 days. . s . * ¢
3 s @ Y8 . .
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"Fig. (2) shows the configuration of the specinen relative to

10,

A separate qroupﬂ of ice blocks was prepared in.much.the
same manner except that the cop.sv‘arface of the water was seeded
with natural snow or crushed ice using 1.18 x 1.18 mm screen.
Fox different ice gram sizes different screens were used. ’ P . e
SpEclmens (22.86 cm x 5.08 cm x 2.54 cm) were cut from the blccks
by means of a band saw. The samples were cut so. that the direc-

tion of growth was$ perpendicular to "the 2286 cm x.2.54 cm face.

-the freezing boxes. A lajer appmxmately 6.0 cn hick was always

!emuved from the top of the blocK in order to make sure that the

specimen does not include part.of ‘the initial layer made up of = ..

grains having randonly oriented c-axis.

Grain size was determined fx‘om thin. sections cut from the ice
bBlocks. These sections were frozen on a glass plate and thedr D
thickness reduced to about 1 mm using a microtome machine. - These
final thin sections were then exumlned and photogx‘aphed under ’
palauzed light, (Fig.'3). The grain sizes were 8 mm in one
experiment and 12 mm'in another. A bandsaw was used to cut a
noteh: 1ut /the spedimen, ~Then ‘the-roteh was sharpened by use — '
of razor blades. This procédure is according to ASTM;(1980) ' . .
E-399. Notch sharpening by a razor blade was used ingtead of
precracking mentioned in ASTM E-399 - (1980). The specimen was left

at test temperacure at least 24 hours to reach the ambient.

temperature.
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The specimeng were loaded by J MTS testing machine whose

control console was located outside the cold rool his con-

loading hxstory,\ﬂg. (4).
The MTS machine was capable of prdviding cross head speeds

of minimum 12 mm/min. and maximum 1200 mm/min. A typical

_bend fixture whic‘n is in accordam:e with ASTE E-399 (1980) was

."used and is shown in Fig‘ (5). Ca

1.1.1 Discussfon and Results N
Three conditions have to be met in order to have a valid

pldne strain value £or Kyg- . .

1. The crack length and specimen thickneaslshculd be >

4.5 Ky /0,)%, where g, is the yield strength of ice (in

-thil\gase. fresh water ice). This copdition could not be
accutapely becanse of the f‘ac}hat oy for fresh
water ice is not well known. But &ccording to (Liu and Loop,
1972) the 2.54 cm should be adequate £6r both crack length
and specimen thickness. . =
2. The load-deflection curve should satisfy the criferion mer-
,tioned ir ASTM E-399' (1980). A typical load deflection
curve is shown in Fig. (6). ) X 1
3. The fracture appéarance ofv each specimen sho’uld/indica‘te'a
' plane-strain mode of failure. A typical fxactu‘:‘e appearance

of one of the specimen ‘is shown in qu. . 7‘he value of *

o for columnar fresh water ice was determined at temperature - -

Of -4°C ang =21°C. At each temperature cross/head speeds
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of 0.1, 0.4 and 3.6 mm/min. were used. The values of

K) g were calculated using the following formula (ASTM,

E-399, 1980).
¢ P - S

L W.y / .'H

where : A o *

¥ = 29812 - 4.68%/2 + 21.88%/% 1 37.687/2 4 3878772

‘r=2 o ; e
a = crack length, mm. s

‘y'= depth of specimen, mm . : .
1'3 =-thickness of specmen, mm
S = span length, mm

PQ = load of failure, N
\

» Values of ch are-tabulated in table. (1) and plr.:)tted in

" Figs.. (8,9) for three test temperathres and three rates of
1oading. These data show that thesvaiue of K, increases
as the temperature decreases, and also as the rate of
"loading decreases the value Ss K}, increases. This reflects

€ L EERLENE TS PR T oﬁ\ice ul\der low fates of \

loading. Figs. (8,9) are the Kie vs raté of loading, f;he \.\‘

" results are campaxed with those of Hamza and nuggendge._

Fig. (10) is the ch values vs test temperature.




1.2 L 4 on of Artificial Saline Ice

Our undeistanding of the details -of the variations in the

physical and chemical properties of ‘sea ice is largely based on
studies of azuficmuy ‘gromn sea Iice. There Ke several reasons:

fcx‘ this, the .most. hnpcrtant of which is that natural sea ice

As very dlfficult to store

th the occu:x,‘ence of significant

This bnne drainage results in changes in the

brine drainage.

'original ice prupertl.es that are usually undesirable.

Additional

* require either ship or aircraft support.

.complicating effécts-that may occur during natural sea ice

‘growth, such as the formation of slush ice and infiltrated snow

ice can be avoided in the laboratory. Furthermore, with the

laboratory preparation of sea ice, one can conttol va}iagions in
the growth conditions in such a way as to enhance the particular
aspect of sea ice that is under study. .Finally, it'is expensive

and many tlmes logistically difficult to send invesﬂgatoxs to

the field to study sea ice. ‘This is pareicula;.—ly true during the
initial period of ice’ growth when offshore operations usually

Therefore it is not

; .
surprising that the production of artificial Sea and salt ice in

coldrooms, where the temperature, composition and structure of
the ice Fén be partially controlled, is attractive..
The following is a discussion of a’ successful technique that

1
has been used to grow artificial sea ice.
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1l.2. 1 Freezing Arxangement

The first requirement in simulating the growth of natural
sea ice is to achieve one-directional freezing. Fortunately
this 'is rather easy to accomplish. Figures (11,12) show the
freezing chamber that has ‘worked successfully. After the ?:ank
was filled with saﬂlt water of s'alinity 15.'5' PPT it was placed
in'a cold room-set at a constant temperature  (usually ~18°C)

where "it remained until the desired. toe thickness was-achieved.

Both the sides and bottom of the tank were insulated and re-

sistancé heating elements were placed within the insulation

compartment to cancel out the bottom and side heat losses. In

order to achieve a constant brine, volume ice from top to the

bottom of the chamber, there are three rows of copper pipe

¥ gt - 4
located in the bottom of the chamber, Fig\. 1(11). qwo rows of

these pipes aré interconnected and are 1ocg¥>g§/1n the bottom
corners of the chamber. After a layer of approximately 10 cm
thick ice is formed on the top of the chamber. This ;&: of
the ice entraps some of: the salt containéd in the water, and

rejects a portion of the salt in the water underlying the frozen

_ layer. . Consequently the water underlying the frozen layer of ice

is more saline than what it was started with. In order to have
a constant brine volume in the ice, the wgter under the frozen
layer should, be drawn‘ out of the chamber (this is done by action
of the gravity force) and after adjustment of the salinity to

the original ope. The salinity adjusted water is sent back to




S

i
s
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|
|

\salinity. The has di 1 1

15

&
the chamber through the third row of pipés which is located in
the middle of the chamber. This return of the water to the

chamber has to be done by a water pump. | This procedure should

be repeated as often as-the underlying water shows increase in

cm, with two

perforated plexi-glass sheets dividing tﬂ\e chamber to three,

: . ..
" interconnected compartments, Fig..(12). Atter freezing there

are thref sepante ice blocks.' The inside walls and bottom
£1uor of the chamber are &overeq wfth a. ﬂve rubber lining.-
The rubber lining should be 1ub:1cated by '‘a lubricant comaound
for easy removal of the ice. = ‘

‘This special freezing chamber T successfully but
one has to be careful not to change ‘the oriqinnl volume of the
water in the chamber. A decrease from original volime of the
StEE CIBHtES . gup. betien this! Eroien laydx,and Eheunderlylig
water, which upon £reezing causes two or more layers of ite

or empty voids which decrease the strength of the ice.

B £ o
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1.3 Plane Strain Practure Toughness (Rj) of Saline Ice

Natural sea water of 15.6°/,, was obtained from a ne{-xzb;'
marine research laboratory centre. This water ‘as_placed in a
special freezing chambu (refu to fzeezinq aznngement) .
After the freezing process was successfully done, thxee separate
blocks 'of ice measuring 90x33x50 cm were ohtaine_d from the '
f:eezing chambef, Fig. (13). A layer of approximately 15 on
from the top of each. ice hlock was cut and discurded Sa‘his
procedure was dune in order not tor have ice of the first and

aeco!\d zone in salt water ice (refer to sea ice structure in

Appendix). Also another 10 cm thick‘layer from the bottom of
each ice block was cut and discarded, since the bottom 10 om |
layer of ice showéd a brine volume higher than the. rest Vof the
block. From such ice blocks specimens with dimensions 22.86x
5.08x2.54 cm a< mentioned in ASTM B399 (for u\evexparmenf_:al

procedure ahd theory of fracture toughness refer to fracture

_toughness of fresh water ice), were cut. Grain size was determinéd

£rom thin sections cut from the ice blocks. These sections were
frozen on a glass plate and their thickness was reduced to 1 mm
ubing a microtome machine, Fig. (14). The thin sections werd cut
all from the third zone of each ice block, and from the top, )
niddle and botton of each block, Fig. (15, 16, 17), (thin sections
from top, middle, bottom of each tceblock). Thin sections showed
that as thé lepth of the '11’:3 in the block of ice increased;, the grain
gizes also 1rlcreas!d. overall the grain sizes were' from 8 mm for

<
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the top of the ice block to 17 mm at the bottom of .each ice
block.
- After preparation of specimens and 'detemimuon of grain

size, the specimens were tested for determination of the K

value as ].t is outlined :i,l’\,}STN E-399.. Since the salt'water ice

is never in state of equn"érium the thin. sections should -

examined at the same time as the fractur@ toughness tests are

carried out. The x‘esults of -the fracture toughness tests and

K), values are tabulated in Table 2.
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1.4 -Nonlinear !nctu;asgggigngla of Sea, Ice i

Thid section of this thesis describes the nonlinear Erackire

tbuqhness of aztificially qrcwn sea ice uainq a chree puint

bend specimen. | The ékack opening di'splacement (coD) was choen
as an adeguate pazametex; to evaluate the amount of ductility ...
and/o; vistoelasticity developed in.each test specimen. ‘Briefly,’

is A material parameter which describes thé stress .required

"to riake a crack of known size propagate. K. 'is girectly related

‘to the straln energy release rate, G, by the expression (foxr - . -

plane strain) .

2 - ) E

‘where E is the Young's modulus (the Young's modulus oE elasticity
according to 1.F. Langleben for sea 1ce is a’function.of brine.
volume. In 'tanle 3, the Young's ﬁpdulus ‘for different brine N
volumes is shawn? and v is Poisson's ratio, of the, saline 1ce.-,
Forﬁé purely brittle material c is equal 2, where,T is the surface

energy [ P

the. plastic zone by the expression '

£ = BN

“’& «

The crack openipg displacemenc is related to the diablace-

et 6 o g dlzvh o1
g lc “y

‘ment on the face. of ‘the specimen, 67 by the expression = ' ‘
a , %, o ~ i .
. g 1 2.7mia+zi G bn ¢ ' NI
[ i hea : -’

where z is*the heiqht of the knife edge supporting the gauge above Fa

the 1<;.e surface, a is the crack lanqth, and h thé spsc!mén width.




e

In this experiment after determination of the K value
(for calculation of K Tefer to plane strain fracture toughness

of freshwater Jce in this thesis) and su.bstitutlnq the K,  value

1c
into e_quatxop 1) the strain enérgy release rate G for each -
specimen is found. With help of equation (3) § the crack opening

displacement ‘is found and ‘at last the. yield.stress qf each sample’

15 found by means o! aq\nuon (2) p
Table 3 shows the ch' cllp qauqe reaﬂlnq, brine vulun\e,
Young s mcduluscnf, elaaticlty, cop; € and o foz each test tempér- B
,Atu;a and, crosshead  speed. l‘hete were ten nmples tested }br each
crqsskfead'speed'. 'l‘abl.e 3 'shows only, the average value of 10 cesu.

Fig. 4(a) ahows the at nt of the’ n to.the dce

-spei:hnen. £6T” ueamemant of the crack opening. displucement. . P,iq.
- & :hm's the &rack opening displacement as a £unct10n of the cross-
head speed.’ As the crosshead speed_increases thg.crack opening

diuplacement decreases.

i |

‘rig. 20 shows thie’ “crack opening’displacement s a Function of
the ;e-t te-peratuxe.» i e

\ . 7‘




; cnnsequent].y of oy for saliné ice, it vas: natieed that the' apeo,men

' 21
.DISCUSSION. OF 'mmmums i v '- s SR
.. The. for valid determination of values of K_, by
" ASTM, includes the criterion that, - . .
- T e
R o Kyo . . =
B 2.5(5)7 LT « . ,
K I 4 ' . : ~

a umteﬂ ;ange. Ah’.ax tha deteminanon uf values of x 1 d. i

thicl\ness ‘B:‘ and L'.'x’uck len (:h g would hs ut laasc 21 cm which

is not a :easonabl dimeﬂu'

‘n ami Ls ot in the range mentioned

STM the 'z.§4 om . .

_%.5.08 ém x 22.86 ¢h yas chosen since, ‘according to, Rnlf and.
Barsom (197:), the ptastlc zone radius, Ty in £ront of a cx:ack. ™
s - . . ,-\ ae g L =

’Ihus the relative plqutic xone aj.ze ahead -oﬁ a 5harp czack Ls

-
pxopo:ttona’l to.the value ( 16)3 g the specxnen. In establishing ' s
the speciman size requuemtﬁror the’l(lc tnt the- spec!.men b Il |
dimensions should. be large enouqh compared With the plastic zone,; i
y!- 80 that any. effacr. of the plastlc zene on tha ch analysis .

" can be neglectéd. The £ollowing calculatlon shows that for speGinens E '

un& in the authoz s exper(menta, the specimen thickness }s i s e

apprnxl.mtely so .times the xaélun of the pllna atzaxn 'p!f.aati‘c zane

Tsize: | . kT i . 0 » Vo




.-

.72 kpa wleee Bring volunes pﬁ 25—30°/., at temperatnres

. . l’ 2 '
specimen thickness''m _ _2:-5(Hi /o) .
p%stxc Zone size T, (1751,) %, 70 »’ -

_Thus the restriction that" the plast}_c zone be "contained"

within an elastic stres‘s eld cem:amly appears to be satmfied.

-E‘or sanne’ ice, Vaudrey measura& K values averaging

100c
and -20°C"with, a’rate of loading of 5.08 Il\m/min. Urabe and

: Yoshitake (1981) found that Eor ice: tempexaturgs of 42°C and.

bx‘ine volume of 120"‘/.,, that K]" was. related to the grain size

f"‘Ehe 1ce., They fcund that for Lce wi‘th grain size egual to

3 mlzl a value of K equal to 50 kFa L and fot a grain size of

22 mn, a walue of K, 'of 75'kpa'n! and 'a .value of Ky .= 100

kPa nd for ‘a grain ‘size Of 40, mm. LM

T).mco and Freﬂerking (1983) found an average value of

110 kPa. m! ‘to 140 kpa m; for temperat\l:es of

‘4o, -7, e110¢

" and =209C" for brine volune xanging from io to 55"/,..

v The h tests

by the author re-

. vealed a minimum value 5% 78 xpa m* at -49C and- d.rate of Loading ™

of 50 mm/mim, and s maximum Value of 182 kba n!- ‘at -20°C and ",
2.8 mm/mm. 'rate of, loaqu. The “initial graln sizes were from
8 nn£on theitop bf each ice: blotk to A7 o the ‘bottom,of *

each Lce block. Since t.heré .was a 15 cm la)/er on the top and

10 cm on the bottom of each block tha.t wa

2 removed and dis:arded,
censequently the total avez'aqe aveln gize, in<the remaining block,

was .around 14 mm. An mcrease in the 1ce block depth xesulted




I
i

" | LN
in an increase in-the grain size, which should be expected from

-~ ‘o

saline”ice. In conclusion, the value of K ingreases with

decreasing temperature and increasing rate of loading and the

value decreases with increasing brine volume and decreasing

grain size. Fig..(1§) shows K, as a function of the test tem-
S 1c 7

perature and is compared to the results of Goodman and Tabor (1978)

and Goodman .(1979). Fig. (19) shows ch as a function offbrine

\ s
volume and shows the results of Timco and Frederking (1983) and

Urabe and:Yoshitake (198la)., The results found for Kic

are well in agreement with those of other investigators. - -

values

Table 3 presents values for G, which is the rate at which

energy is.released per unit length of crack advance. The following

values are, those belonging to Liu amrd Loop (private communication),

Goodman and Tabor (1978) and Goodman (1979):

. . T . R K}é— <, G
. g op’ . 3 =2
c kl*? m Wm
H.W. Liu and L.W. Loop 45 to -4 140 to 100 3 to 1

-12 to -4 177 to 222 3.6 to 5.6-

-12 to -4 - 123 to'149 1.7 to 2.5

.Good.ma.n am‘i Tabo? (1978) ~¥3 116 li 1.5+ 0.3
: R ? .o 55 to 85 0.5 & 0.2

The Author d . -4 78 <93 10.79 to 1.12
i -7 90 - 100 0.9 to 1.1

’ ; =11 ” £ 106-135 .1.16 to 1.88

. =20 139 - 182 1.9 to 3.27
e

- Co 3 . N
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The quantity G is essentially a measure of the energy
required to propagate a crack in the solid.. For the truly
brittle solid the stresses generated around the tip of the
crack are given by an_explicit elastic R equal
to twice the surface energy of the solid. If, however, plastic @ ¥
flow and creep occur at the crack tip, the singularity at the -
tip is modified. This is the situation with ice and the process
becomes more and more complicated as creep deformation becomes
hore significant. The difference G-2T is then a measure§of the
plastic work involved in crack i::qugauxon: It can be s;e»n from
Table 3 the amount of energy reléase rate G increases as the o
perature decreases. In fact, é;xgzincrease in G is ar indication
that at lower.temperatures ice behdves in a more brittle fashion
and there is less loss of energy due to plastic work.

The yield strength of saline ice for columndr grained S,
type was from a minimum of 0.22 MPa at -7°C for a crosshead speed
of 5.0 mm/min.. to 2.8 wéafox <20%C na wroushiosa speed of 2.5 mm/min.,

the salinity of specimens was 6.8°/,,. Frederking and\:l‘i;nco (1983)

* reported values of yield stxenqth from 0.415 to 5.22 Mpa for ice

of slightly.less salinity (4.5£5°/,,) at & f,emperptun of -15'(:.

The reason for "such high di between Fred ng's and\

Timco's, results and the author's could be attributec_i to the fact\ -

that the salin!.ty and in the of Frec ng

and Timco were much lower than those in tha “research by the nuthox.‘
on the other hand, Goodman (1979), in.‘hi.s fracturé toughness ex-
periments, found values of oy from 058 MPa to 0.89 MPa. These
values are similar to those found by the author in his experiments.

A

i
]
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The yield strength which was found from fracture toughness
val.ues (Kl ) is the resistance of the ice containing a crack
against the application of load perpendicular to the surface of
the \specimen. This causes compression in the tdP surface and
tension in the cracked su:fuce of the s;eclmn, similar to
flexural strength in an uncracked material. The flexural strength
reported by Saeki, Ozaki and Kubo for the first year saline ice
Of the Okhotsk Sea in a three-point experiment was 0.29 MPa
: © (insufficient information is available on salinity, grain size
; . or temperature). The yield strength in the author's é'xpezimnts

are well in agreement .with those of Saeki et al.

P S ' :




CONCLUSION

Fracture t rements were ully complet‘ed
on artificYal fresh water and saline ice. The fracture toughhess
values, K, were obtained from a three point bending test on
a notched specimen. The following conclusions are made:

1. The linear elastic-fracture mechanics concept was shown to
be applicable for the determination of fracture parameters
for fresh water and saline ice. .

2. The i values fcr‘artiﬂcial fresh water ice were from 62
kPa m! for cross head speeds of 0.1 mu/min., 0.4 mn/nin. and

3.6 mm/min. and for temperatures of -4°C and -21°C. "Mhe

average.grain sizes were 9 mm to 10 mm in one experiment and *

11 mm to 13, mm in -another experiment.

3. The Ky _ values for artificial saline ice were from 78 KPa m?

o 182 Kpa m}, for an average grain size of 14 mm, the salinity
>o£ ice was 5.8%/,, at temperatures of -4°C, -7°C, -11°C and

-20°C. The cross head speeds were 2.5 mh/min., 5 mm/min.

and 50 mm/min. .

4. The crack opening displacement (COD) was shown to be an
adequate parameter to evaluate the amount of ductility and/or
viscoelasticity develged in'each ice specimen: From COD &
measurements the energy release rate (G) for each ice.s‘pgci'men
‘found, a minimum value of 0.79 J/n’-and a maxinum value of
3.27 3/m? was recorded. Consequently the yleld strength of

saline ice was found to have'a minimum value of 0.24 MPa and

.




a maxinum value of 1.80 MPa. Fracture toughness test was
performed for fre’sh water ice at temperature -4°C and -21°C.
The K values for fresh water ice are well in agreément
with those belonging to Hamza and Muggeridge (1979).

The Ky, Valhsgiess: satiie Soeiatevell, in agreement with
those belonging'to Vaudrey (1977) and Timco and Frederking (1982)
and Goodman {1979). The energy release rate of saliné ice G and
the yield strength Vy are compatable with those belonging to
Goodman (1979) and Goodman and Tabor (1978).

" In furthet ressarch for determination of ice forces on
offshore. structures, the solution should be based upon fracture
mechanics of ice.
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TABLE 1
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A -
Practure Toughness of Columar Freshwater Ife

GRAIN SIZE = 9 -~ 10 mn

3 |
Test | Cross | K; (Max)| K; (Min) | K, (Ave) stm;mv
Teap | "% | wpaw/?| kpa o'/2. | kpa aM?. | wra ut/? |
°c | Speed .
m/min . S -
an
: '

0.1 | 125.00 |. 87.00 106.20 N 13.20
-4°c 0.4 | 90.00 50.00 67.50 13.50

3.6 | 90.00 50.00 62.30 12,60

0.1 | 160.00 11200 1| 128,60 14.80
-21° 0.4 | 160.00 82.00 103.90 22.60

3.6 | 122.00 83.00 103.30 14.50

GRAIN SIZE = 11 ~ 13 m r

0.1 | 327.00 136.00 210.80 56.50

-4 0.4 | 302.00 185.00 219.20 38.30
©3.6 | 164.00 110.00 139.40 21.80

0.1 | 480.00 190.00 | '393.20 103.10 )
-21° 0.4 | 300.00 110.00 230.20 63.70

3.6 | .187.00 110.00 164.60 24.60 ‘

NOTE: 'THE RESULTS ARE AVERAGES.OF A MINIMUM OF 10 TESTS
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" Fig 1 The crack-geometry for Griffth''s cylculation,.
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-Fig: 2 . Spacimen geometry
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4(a) WM.T.S. Machine Inside the Coldroom.
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FIGURZ 4(b) The Contro] Console of 1.T.S. Machine Outside The Coldroom.
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From Middle Depth of an Ice Block.

FIGURE 16 - Thin Section
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| GOODMAN AND'TAHOR (1978)
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Fig" 18. K, as o function of Test Temperature
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The Freezing of Sea Water
| Considering the large number of solid impurities in any
small volume of natural sea water, it is almost certain that
homogeneous nucleation never occurs. Also in polar regions snow

stals are fairly continuously being deposited on the upper
water surface providing nuclei for further growth. The amount (
of sipercooling is probably a few hundredth ‘to tenth -of a degree
centigrade. In general, the freezing of sea water appears to
be similar to that of fresh water and it is reasonable to assume
that the first crystal to form will be minute sphere of pure /
4ce (Hobbs, 1974). Growth rapidly changes these spheres into
thin circular discs in the general growth sequence spheres - *
‘discs - hexagonal dendritic stars. The growth rate of ice is 2
strongly dependent on the growth direction. In ice discoids
this plane of maximum growth is the (0001) or basal plane which
is the plane of maximum atomic density in an ice.crystal. The
crystal growth parallel to the c-axis is in the order of magnitude
slower than in’the (0001) plane and the resulting kinetics are
consistent with the classical volume - Stranski models which are
based on the assumption that two dimensional nusleation and growth
ia the rate controlling mechenism. The star-like:crystals grow
rapidly across the surface of calm sea water until they overlap and
freeze together forming a continuous thin ice skim. Because of

sthe tabular nature of both the initial ice discoids and stars,

|
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they float with their basal planes (OOOI]A in the plane of

water surface. Ideally this would produce =an ice skim with a
completely c-axis vertical orientation. However, since water
conditions are rarely completely calm a number of discoids or
stars are usually caught in an intermediate position i.e. with
their c-axis inclined at some angle to vertical. In this skim
there s a stiong c-axis orientation and a fqy crystals in other

orientations. A study of a number of thin sections undeﬁpoiar-

"ized light showed that in this ice-skim commonly >50% of fhe

upper ice surface is composed of crystals with their c-axis

approximatély vertical,
The formation of a cover of ice on the gurface of sea is a
refining process in which most.of the salt is rejected. The
freasing rate is usually too rapid for the rejection to-approach
completion, however, as the growing ice crystals trap a certain

amount of brine, cutting it off from the melt. The quantity

trapped is highly variable function of the freezing rate. If °
“the ice cover is' grpken in the Arctic, and sea»wa_ter exposed to
air temperature of -30° to -40°C the first ice formed may have
a sajinity § as high as 20°/= but for a cover of annual ice a N
typical average figure is S = 4°/®, that is almost 90% of the
salt is rejected during fx‘eezi_nq. The brine retained in the )
sea ice makes it a very different material from pure ice and

we must examine the role of brine in detail, sgzt‘inq with its
physical chemistry. Consider first a simp;le binary system of a

solution of sodium chloride in water, which experiences a de-

i
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creasing temperature. The freezing point, or temperature at
which ice starts to form, will be depressed helow zero as

shown in Fig. (22) which is the phase diagram for this binary
mixtufe. Point A represents brine of 35°/ salinity at 0°G.

It must be cooled to -2.1°C before any ice is formeds Once the
40148 phase appebes, ‘there: 1u'a wilque tespesature st vitel

ice and briné of a given conceptration (salinity) can exist

in equilibriom. If we cool our sample below -2.1°C it must
follow this equilibrium line, to C, where the temperature is
-8.5°C and the brine now has $=125°/=: In other words, exactly
sufficient water must freeze-so the remaining salt and water
form a brine of this salinity. As long as the tempefature of
the sample remains constant this is a stable equilibrium, but
an increase in temperature will result in some melting of ice
and conversely. If the temperature lowered still further, a
limit is reached at the point E, called Eutectic,point. Liquid
brine cannot exist below this point, which in the case of :sodium
chloride brine is at a temperature of Z21.1°C with a eutectic
composition.of 233°/, salinity. The dashed part of the curve

is of less interest.in connection with sea ice. It shows what
happens if the “initial composition of the brine is more concen-
trated than the eutect.sc composition. For example, if o
started with a solution with S=250°/= this solution could be
o#bled to -10.4°C and still’ remain’a liquid. Below this temper-
ature, solid salt would -be precipated in the hyldta'ted form

Na €1.2H,0, and the equilibrium point would follow, the dashed

curve to E. § -



Sea Ice Structure
Structurally undeformed first-year sea ice is very similar -
to a cast ingot. Its uppermost zone (the inytial skim) is produced
by the formation of the initial ice layer across the sea surface.
This layer may vary from a few millimeters to 20 cm in thickness

depending on the sea state at the time the ice cover forms. The

layer below this can be referred to as the transition zone, in

that a preferred growth or: ation develops in the crystals.
Although these upper two layers are quite interesting from a

crystal®growth point ‘of view, they are usually very thin (the base

of the transition zone is commonly less than 30 cm below the

upper‘ surface of the ice sheet),'and do not need to be considered
for most engineering purpo‘ses.

* During the melt season, the upper two layers coﬁmnly ablate
away causing multi-year -ice to be essentially completely composed
of ice of the third zone. The ice of this so-called columnar.zone
characteristically has a Strong preferred-growth fabric with the
crystals elongated vertically parallel to the direction of heat'
flow and the c-axes of the crystals oriented almost perfectly in
the horizontal plane. This results in the ‘basal planes of the .
ice c:yséals being oriented in 'a near-vertical direction. i The qeam-

etric selection that occurs, as crystals with their c-axis ori.em:ed

* close to honzontal cut out nthex less foztunately onented crystals,

causes a gradual increase ln grain size with depth at 1east in
the upper portion of the ice sheet. In fact the very limited number
of measurements of grain size (Weeks and Asstir, 1967) suggested that

the mean crystal diameter increases with depth at a rate indeperdent
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of the grain size present at the base of the transition zone.
Because the size of“fhe crystals becomes large relative to that ..
of the samples usually taken, adequate descriptions of grain- ) o 2
size variations are only available for the top 60 cm of first-
year ice. Limited observations &:f the lower portions of 2 p
thick ice show large areas (at leas't 1min d‘ule‘te_r) that have
roughly colinear c-axis orientations (Peyton, 1966). Although ’
the degree of colineatity is not sufficient for such areas to be LI |
considered as single crystals, the degree of prafh:zed orientation
would clearly result in large variations in physical character-
istics such as ice strength with changes in the direction of
loading. - - .

V Each individual c’rystul of sea ice is sub-divided into a
number of ice platelets that are joined together to lllake a sort

nf quasi-hexagonal network as vimd in the horimntil plane. It -

is within this netnork t.hat most of the’ nntnpped brine present .

in the sea ice is believed to be located. N " -

5, = . ‘ 1
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The Variation of .Salinity with Time
1

» Sea .ice in nature is.virtually never:in:an.equilibrium

_state.. We shall see that-most of its physical properties depend

on the brine content’ \), and this parameter varies with time /

b_esh\!se of ‘both temperature and salrmxty changes. The salj.nih\
of séa f6e ehaniges iR tdp ways. At least at temperature above
»-15;:: “the_brine cells have some 1ntercom>ect10ns so that brine
may drun slowly through the ice under the influence of gravity.

varplebeiof sea ise cat oHb fzqm’an 1cb cover stored at -15°C or’

. hh;haz, gradually "bleeds" bx‘ine, the rate \ef discharge of- the

b:lne increasing” xapidly with tempenture as the’brine cells

becone enlarged. . :
» If. there. is any temperature gradient in'sea ide (as is. vir:
tualiy Wivays Hie cabel) thE br.lne cells migz‘éee along the gradient
in the dlre:tion of higher temperature. In Fig. 25 consider a
long ve:cieal brine cell, and the usual, temperatute comnuon,

namely. that the' ice-air Lntetface(_ia l:oldex‘ than the hottom of the

. dce shest, which is ed at, the freezing point of the sea water.

: Bacause of. aiffusjon the éoncentratigh of m—xnemhm thie ‘cell

will be uniform, and of a  salinity eo mutch ‘the mean temperature
of ‘the ice suxrounding J;e cell. Hence at the warmer: end the
hrine Ls too ccncentrabed and will dissolve ice te reduce its con-
‘centratlon. At the coldar end more Lce freezes to increase the
‘brine concentration and the net effect is to move the: entire cell

of brine along the gradient. In a sea 1cewcovax the ‘brine migration

'




A, acts in the same directioh as brine drainage so_that the two
effects are additive. Both procegses take place slowly, but at

i ‘a measurable rate, in an ice cover during the winter months.

Brine drainage is quite rapid when the ice approaches its melping

point. If a block of iceis removed from contact with the sea,

[ . as by being pushed up on Bhore; it loses salt Very. ;‘apldly during

i the warmer monchs of spring and summer. . ’ . W

. Ccnside: now the state of 'an -annual ice floe in ,the Arctic

O which does not melt completely diring the brief and cold

< sumner. . For.a pezicﬂ of i month or so it 1s' at-ari almost uniform

temperature only slightly below its Ereezing point. 'The brine

cells ‘are enlarqed, and so_intefconnected with each other and the °

sea that the ice ahaer. is saturated with sea water; a the dug in

& €108 b ey £1llg with sea water up to the hydroatacie level

ellls fox'med, “and the effect is to re-

.- in the fce which' the‘,b;in
. " place. the cancentrnted “brine bf the winter ice by sea water of -

3 norma} salinity without a proportional ‘increase in the size of
# . the brine cells.’ Since this is what happens, it 'is clear that the
various. processes of ice ne}ting, brine dx:$1naq'e, and diffusion

are nat taking ‘place in themoﬂynamic equilib!lum. When the tem-

other and from the" sea, and decnaua in size to smaller diameten
. than thsy had the pravlous uintax:. 'rm tloa u now called pula:.

1 ; 1ce and .its. salinity is much lawex than that of annual ice. This

- 5 s peruture of the éce d:ops AM brine celfs’ get cut ‘off, from each

in a matter of secunds‘ Thig sea watér is pxesumably in the channels .

3
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removal of salt from sea ice may continue during a second summer;

»
-
ety

’ “
/ this is not certain, but in any event most of it is removed during

the first year. Recently Pounder compared ice known to be abott

eighteen months old with several-year-old polar ice. Their

salinities were 1°/,, and 0.5 °/,, respectively, in contrast with

e M |

. .
the ‘typical 4°/,, of annual ice. The Eskimos have long known that
potable water can be obtained by melting sea ice which is over a
year‘och = 7 : % -
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- A "
ung's Modulus for Sea Ice
~

Values.pf»Yo:mg's modulus for fresh water ice have been
reported in the range of 3 X 105 to 11 X 105 kpa with a few
exceptions. | These values have been obtained by static methods
such as the deflection or extension of a beam under load. ‘))ue‘
to the visco-elastic nature Qf the ice, there is a ldrge
scatter in the results. The Young's modulus of ice is mor‘e
reliable if dynamic methods of testing are used.

Data. on the elastic moduli of sea ice are few. M.P. .
Langleben used the dynamic method for determination of Youvnq's
modulus of sea water over a wide range of salifities (ice £rom
4 to 24%/,,) and also temperatures (=3 to -26°C). He reported

the modulus of elasticity to be a function of brine volume
i . “

. . E=(10.00 - 35.1v) x 10 ayne/em*

. § . . . . .

The energy release rate (G) and yield stress lay) was calculated,
-

in this work, by means of the same formula. A value of Poisson's

ratjlo of 0.3, as reported by Langleben, was also used.

’ . ~
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Crack-Tip Stress And Strain Fields l\

In general the crack tip can be divided into three
separate zones as in Fig. 23. )

* - They are (1) elastic, (2) elastic-plasti€ and (3) an
intensely nonlinear (large strains and rotations) zofe.

The elastic zone (1) may be appropriately used only if
the crack tip plastic zonme is small compared to planar dis-
tances to other boundaries (or load points). That is o say
,for'sm;-‘ll’scale yielding Linear Elastic Fracture Mechanics
(LEFM) is appropriate to yield values of K. ' An elastic-
plastic zone (2) must be adopted for the so called elastic—
plastic fracture mechanics fegime. However, we must remain
avare of ‘the limitation that the intensely nonlinear zone (3)
should then remain small compared to planar‘ distances to the
‘boundaries. Now if zome (3) is comparatively small, then
zone (2) may be regarded as an elastic-plastic' field surrounding
the crack tip (which is a non, 1inear zond), which lends itself
to, analysis by the usual plasticity ;nenrxes.vl_;t is emphasized

7
that this viewing procedure is completely analogous to LEFM

wherein if the whole plastic zone is comparatively small, then

view (1) may be regarded as linear elastic field, 'surrounding

¢ - L4
,the crack tip, which lends itself to-analysis by the theory of

elasticity.
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Linear-Elastic Crack-Ts#p Stress and Strain Field

Viewing the plastic zone as small compared to the ex-
tent of surrounding elastic material, linear elasticity is
ap‘plied ;:o obtain the elastic field equations surrounding
the near neighbourhood of the crack tip. The distribution
of stresses cij and‘ si:.rain Eij have the chara{teristlc of
1/Vr singularity (h‘iqher order terms have been ignored) .

The analysis for this zone is ghrough the usual LEFM theory,

and K is the parameter describing the fm:ansity of the field.

‘K 15 thus dete"nined from loads and bady.dimensions 1nc1ud1.ng
crack size using the solution of an-elastic bo\mdary value

problem fDr the conﬂqntation of interest.

Elastic-Plastic Crack Tip stresQ;é Strain Fields

The fully elastit-plastic zoné (2) is ‘illustrated in
Fig. 24‘7’1‘118 view is ‘taken that an elastic-plastic field .
(with gmall strains and-rotations) surrounds the crack tip”
within the region denoteéd by’ (2), Ybut outside the intensely.
non linear zone. Usinq plastic!.ty theory Hutchinson obtained

the fom OE (:he stress, oy i5° and strain, Eij' fielgs

N . .
' o u(——"——)ﬁ-ﬁ;(em' a
13 o'F o, 4(8r
o : »
SRR EEO YA
o %

If Wi<r<<planar dimensions, (W is defined in {io- 20
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Thus J is seen to be an equivalent' field parameter to its

analog K, and the LEFM analﬁsis is extended fully into the ’ ,

elastic plastic regime by the I integral as well as crack \
, opening displacement (C.0.D.). These two methods are used for

the caleulation of the elastic plastic (2) zone.

- Definition of the:J integtal

The énergy line integral, J, is applicable to elastic
material or elastic-plastic material when treated by a defor- |

e mation theory of plasticity. It is defined for twovdimensional

- . . 5
problems and Ms given by the equation

7 f wdy - T (—) ds
!‘ As illustrated in mq. 24, T is ‘any contour surrounding the
)E/ - crack tip. The quantity ¥ is the strain energy density . lss
/ N . , :
=Mle ) = g‘ %5 dey
i 3 T is the traction vector defined by the outward normal n

along T, ’Di = 51) j’ u is the dlsplacement vector and s i.s
the arc length along T. & S Vit
Since paths can-be chassn'cloae to the crack tip, the

i . ' energy line integral represents somé. ‘average measure of the
i © "% near tip deformation field.
; . " since the path independent 1nteqra1 is a field parameter,
o the valc ‘fracture criterion is compatable with any criterion
N based on features specific.to the crack tip region. There is
no. discrepancy between the glc approach ‘and £<m:ture criteria

+  based on C.0:D.
.
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Simple compliance type experiments can be used to deter-
mine the value of the J integral. As with the COD value,

J). is simply related to the parameters of linear elastic

fracture mechanics P

i
I = Se =

1lc

Crack Opening Displacement (COD)

* 7 The fracture behaviour in the vicinity of a sharp crack :
could be charact;rized by the opex_un'g of the notch faces -
namely the crack opening displacement (COD). It has been
shown that the concept of COD is analogous to the concept of
critical crack extension force (Gc) » and thus the cc;D values ~
could bé related to the plafie strain fracture toughness Byg
Becayse COD measurements can be made even when there is con- ;
siderable plastic flow ahead of a crack, such as would be ex-
v = pected fp elastic-plastic or fully plastic behaviour. The
enérgy release rate (G) can be calculated by using equation

2 -
Ky (1-07) . .
E

- : . - - ’
The crack opening displacement is related\to the displacement
i measured on the face of the specimen, 6 by the expression ,




where z is the height of the knife edge supporting the gauge
A g EN

above the ice surface, a the crack length, and h the specimen

width. The displacement at the crack tip is relafed to the

yield stress, in the plastic zona by the express.

2

. 3 (1-v%)

¢ = g1V
lc E

S
Therefore the energy release rate (G) and yi\il‘h stress of

-

ice (g,) could be calcufated by knowing the stress intensity - —
factor K, and the crack opening displacement C.0.D. '
LY

’

|
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LIQUID

S O Y...8
S0UD NaCl.2H,0 + ICE
o 0 . 10 150 200 25 300

t
.
+ SALINITY OF BRINE (%)
FiG. 22 ‘The_phase diagram of a bimry‘pyslnn consisting of NaCl -
-and H0. Eutectic temperature is —21+1°C.
(From Pounder, 1965) i g B
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- vEW O: AN ELASTIC FIELD SURROUNDING THE CRACK TIP.
VIEW @ : AN ELASTIC-PLASTIC FIELD SURROUNDING THE» CRACK TIP.
_VIEW'®: AN INTENSE ZONE OF DEFORMATION. s

FIG.23. Crack- tip l'un(und strain _fields - surrounding the crack tip. °

From ASTM ST? 631)
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