CREEP, FAILURE AND FRACTURE OF ICE

HANY EL~SAYED HAMZA












CANADIAN THESES ON MICROFICHE g

N . - LSBN.
THESES CANADIENNES SUR MICROFICHE >
, B - ¢ 5
= ' - N .
| L v Canada .
. Collections Branch Direction du .
B Canadian Theses on Service des théses canadiennes
Microfiche Service sur microfiche - ‘
Ottawa, Canads o .
. KIAON4 .
o : & 8 '
li & ; ]
e} . . i« i
NOTICE AVIS -

The quality of this microfiche is heavily -dependent
“upon the quality of-the original thesis submitted for
microfilming. Every effort has been made to ensure
the hiulun quality of reproduction possible. .

: If pages are ‘missing, contact the university vhich
& granted the degrée.-

Some pages may have indisinct print especially

if the original pages were typed with a poor typewriter
ribbon or if the university.sent us a poor photocopy,

Previously: copyrihted materisls  (journal articles,
published tests, etc.)are not filmed:

Reproduction in full or in part of this film is goy-

{ ‘erned ‘by the Canadian Copyright Act,- R.S.C. 1970,

. c.' C30. Please read the authorization Ierms which
., accompany this thesis.

‘ THIS DISSERTATION - ',
" . .".. HAS BEEN MICROFILMED
<4 ' "EXACTLY AS RECEIVED .

La qualité de cette microfiche dépend grandement de

la qualité de la thése soumise au microfilmage. Nous
avons tout fait pour assurer une qualité supérieure
de reproduction.

sil pages, veuillez communiquer

. mlunmmﬁwumfédhgﬁde

La qlalité dlmpfeslon de certaines pages peut
désirer,

laisser & out si lesgpages originales ont été
*-dactylographiées a I'aide d’un ruban :;gim :I‘::uvu

qualité:

i
*Les documents qui font déja |'obpl d'un dmh
drauteur. laticles de-revue, examens publiés, etc.) ne

nous a fait parvenir. une phmm:op‘w de mauvaise -

sont nlsmuoﬂlmét. g "

La feproduction, ‘méme partielle, de egmlaomm
est soumise & lg, Loi canadienne sur le droit d'auteur,
-SRC 1970, c. C-30., Veuillez prendre connaissance des
formules d'autorisation qui accompagnent cette thése.

LA THESE-A ETE
MICROFILMEE TELLE QUE
NOUS L'AVONS RECUE




CREEP, FAILURE AND FRACTURE OF ICE

© Hany Hamza, B.Se., M.Eng.,

‘A Thesis  submitted-in partial fulfillment

™
of the requirements for the degree of

Doctor of Philosophy
A e :
Faculty of Engineering and Applied Science
Memorial University of Newfoundland
August, 1981 k]

St. John's i

Newfoundland




L&

3 mate’th'eoiy‘

" dict the tine of - the nnset of f'a‘I'Iure us irg the citical stmn energy

& Fintte

The! mode1 agrées very weﬂ

‘of fresh-water fce A simp1e numerica‘l fnnnuh 15" deriyed chh can pre-' » B

slas afaﬂur criterion fhi

Figlddata, . -

The - gena‘nl h it’ 5

- oad’lng.

tera:nnn problem
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coelastic response of the cracked three voint bend ‘test specimﬂn due t6

" ‘constant cross-head speed Wnachng. AR B B

" The hnear and nori- 1near fracture tnughness of arth’iciaﬂy groun®

fresh-water ice has béen - determﬂned durﬁw a smuﬂ s:a1e experimenta'l

: program. . ‘The szed} of rate of 1aading, test emperature. specimen dim-

‘ensions, * and grain sue on fracture toughness has been iny estigned .
Finally, the strain rate dependent. cr1t1 cal. strain inergy per unft ;

; vo]ume has been propnsed as a fanure criteri on for ice under different ' .

Toading rates. mcr(terinn s appltcable to ice- fatlure ‘during a 1&h-‘-' o

,or‘atory test and failure’ af ice covers’ dué to 1nteract(on with an offshnve

a Toad _for snort r 1ong perlods of time..
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1. TiTmopuCTION. : N L
Ly Late in the nineteentn :en/tury. the Russian 1nvesf.1gators were first
to realize the need .for.ore knowledge about fce mechnnical vroperties due: - .

to early problems with. the - design of dams and ice breskers. Recently, due

to incréased activi t1es in the Arct'r: and Antnrchc renlons there is more

“demand for -the solutim of a wide varreqy _of difficult ice related prob]ews.

_'Some of these problems are:” - The formation n{crevasses, the adhesion of: 1::

i tu surfaces. the bearing capacﬁ;y of floating 1ue covers and snw surfaces ' g
and crusis theinination of 'snow and ice avﬂ,mcbes, nhe fnnnation of upen
leads and pressuu ridges in “sea and 1aké 1ce mvers, the forces elerted o

structures by moving ice floes and Jams, the design ‘of a new genermon of

1:: breakers  and the uml zation of fce as m:hgenous cons truction

x lce |s the, soHd state of water. Depending on the. freezinﬁ

and ‘pressure ice can extst as one of nine diffemn.t typess: Tha sta§]e phase
ofgice at ordinqry 'Iw vressures 1s usn;'l l,y Known as ice’ 1. Two -different
cr§sta] structures uf ice I exist, one has a hexagoml rstructure and 1" known-
is Ih, the other has a cubic 'structun and is. knomr asice’le. A mplete

: phase dlagram vfice is shown in’ F1gure 1‘; lu 1h is the stabh:. f\ype of 1ce 5 »
with whidtmstpeup‘le are fammar. G1en. 1974, reviwed 1n full” detan the )
actua’lv arrangen\ent of the-water mol ecu]e infee Ih which is shown ||| FFQures

'3 and 4. In nature ice is.d polycrystamne ma'.mal, that 1s, 1t is

composeu of.,a large nunber of single crysta]s in diffe‘rent orlentauons-. The
main kinds of pu}ycrysmnne e, are (Michel And Ramseier 1971) fy v W TR




. 401};@ small-scale or a1 _scale tests The sta

. ‘~ o s
1. Rnndom\_y oriented polycrystalline terthry ice. This
_type can be obtained by freemg water of randomly oriented

ice nuc'lel. . z.

2. Cglumar u:e wm%‘-ﬁes parane\ to the column ’Iengms

it (sewndury ice, §1). This kind of ice is noﬂgﬂly Dbta\ned_r

. when water freezes due to ‘the fact that ice crystals form
mth the!r C = axis perpendlcular to me surface.

3. Colurmar ice wm| C - axes perpendicular to the column lengths

N
(secondary ice, $2). Th!s can "be ob:alned by seeding the water

.+ at 0°C with fine ice graihs which w111 md to this type of

\ce due to the fact that

< grons: nmm Yipidly perpendicular

to the axis nf summur‘y nf the ice crystaf which is C-axis.

1.2 Hechanical Properties of [ce - \ T ' B
. In the last few decades, researchers have heen studying \extenswe],y .

the different mechameal properties of fresh-water and sea-water ice by

-of-art of this subject ™

have: beeri pmsenmd hy different 1nves£1 ga‘

‘at different ‘times Tike Wezks
_and Msur (1967, 1369), -Glen ag7s)., Gcld~(1977) -Schwarz and Weeks (1977) -

and Heitor (1979) The avaﬂable hte

re- about ice mechamca] pmper«

_tiles éan be “Hassified into the fonomn cauegnv"lzs g

: il
_tensile'stmngth 5

SO




: ) ¥
alnb'lgwusw the tenslle strength ofjice. Other tests usuaﬂy induce cum- 5

0

o A
5 ‘the 1ce’ was fmen to metal end clips which are

pu\]ed b_y stee’[ cah‘les has been used by’ Hawkes and Mellon (1972) i

#, Results pruduced by ngtnn (1966) and Dyk(ns (1970) have shown that

‘22 Cnmgresswe Streng?h ) s e

~Many * lnvesngators have tried to neasure the ,compressive strength of

sice using different sam)ﬂe geometries, Tike cylinders, prlsms and cubes :' * s

It Kas.been observed that the measured strength depends cnl\siderah]y on end’
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“fracture mechanics techniques to ice problems. The technique approaches

"the ice strength from a more realistic point Gf view based on the-fact

an adequate parameter which controls the nonlinear dfd viscoelastic fra-

1.2.3 Fractiire Toughness £ i
Very recently a few investigators have tried to determine the fra--

cture toughness of ice. This has openéd the door for the application of

that ice in the field contains a large number of randomly oriented cracks.
The work by Liu and Loop (1972), Vaudrey (1977) and Goodnan (1977) have’

shown the need for more work to be done to investigate the effect of the

test temperature and‘loading rate on fracfure toughnegs,‘ and to determine »
cture toughness, of ice. Very. recent work by Urabé, Iwasaki and Yoshitake . =
(1981), Urabe (1981),, Kolle (1981), and Hoare (1981) should pr}ovi_de more
experinental data to help o understand the effect of different parameters
on the fracture toughness of ice. . e o —
Also, acareful review of the available data about.different meéh-'
anical properties of ice, shows ‘that the effect of the rate"_'af Toading
‘and the test temperature on the' viscoelastic response of ice‘ has always
me general .pattern whlch is shown in Figure 5. The authcr thlnks that.
the development of a mathematical mode'l wh(ch can exph(n and predict

th_evahsev‘ved ger_\era'l behaviour, “can he a_nsefu'( tool in’ the future,

1.3 'Load Bearing Capaclty ‘of Ice Covers

"In ﬂve past yenrs, the. load ‘ear{ng capac'ty nf a ﬂoah ng ice cover

under vertical or in»p]ane loading has pmsehted an 1nterest'i ng challenge .

" to tce mechanics researchers. Thls hnﬂ led-to numeréus papers in chh 5

|nvestxgators trwd ta pv‘edﬂ:tr the Iuad hearmg capacity based.on expari- o




.

'Vrklfenbﬂ data or theoretical analyses which treated ice as an‘ehstic and/ |

ey .

or v|scoe1astlc material. A careful review to the available literature
will 1ndicate that the pre\Huus work can be divided into the fﬂllwing
categories:

. Purely.Theoretical B T
several analytical attempts hav; been made to determine’ the
i .e]ast’iq and viscoelastic response of icg covers due to different
foad configurations. Nevel' (1976) has developed a complete theory
% to predict the long-term response n; flo;’ting ice cover under a
_ static Toad. " The theory is basedson a.muti-element. viscoelastic'
N mode1 which can predict the deﬂection and stresses”as :a-function: ;
uf time for a-given load cnnﬁgurah on. The reader is referred to

the same reference for a :omp]ete review of :the state—of art.

Combined Theoretical and Experimental

Assuming.icg is an elastic material; the maxil;lum stress cri-'
terion has\_been used. m predlctmg the. fanure Toad fnr ice covérs. :
Thls has ied to“the fmnﬂiar formula (Meyerhof, 1962; Nevel, 19683
“gold; 1971): . o & %

M

L 3 ey
An early formula by Zuboy:(1942) takes int account the effects "
of temperature, the dimensions of the load and.the salinity.
SR - 2 R e
P n. KMACh' 2)

where K,-M, &, and C are constants, h is the fce cover thicknss,




“and Py is the allomble load.
« Another investigator has considered the strain criterion as a -
suitable failure criterion for ice.as a viscoelastic material (kerr;
1975). This has ‘led to the following equatien for\the anmable
def'lection

@ 7 anl/2 : . (3)
where a is a constant.with dimensums of (’(ehgth)]/2 Recently
Bel tans v(‘4977) has pninteﬂ out that the maximum stress and makimum
strain criteria are not suitable to predict the failure.of ice! He
has proposed that the strain eneray criterion may be more seful to
predict the onset of failure and the complete failure of dce cn;lers.
This criterion leads to 'the following equation
) %/ @
‘where ‘(u ) s the potential energy, at i ciset: of failure, C is
a“constant and h is the fce cover thickness. The criterion has shown”
-~ ¥ good agreament with availablé field data on fregh-water and salt-

vater ice covers.

Enpirical S, . ' o

Formulae based on”figld data have been used to predict the sub-
sequent deflection history ofbce covers, Beltaos and Lipsett (1978) -
“have proposed a sinle equation which can evaluate the £onplete def-
lecﬁnn thistory after knawlng the-initial part of the deﬂection
Mstnry.

B

The reader’can not!ca that all the avaﬂab]e numerical models in the

Titerature can predict the elastic, response and/or the long-term respm\se of
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* ‘mation for design _unless they can.be fitted 1nt0 a 1ng1cal ana1yt1=al

floating ice covers under‘ very simple load conf1guratlans. Thg authnr

thinks that there is a.serious: need for & creep ‘bending mode1 whicﬁ‘ can

predict the viscoelastic response of a floating |ce nover undar & general

Ioading conflguratlnn and for, general hnundary conditions.

1.4 Ice Forces on foshore Structures

_One of the most important forces 1n the design of structures 1n u:e

“infested'water are the horizontal and vertical thrusts app'lied to the i
structures by ce. Neill “976)’ in his review haper, has c'luss.!ﬁed ‘the
ice action on structures into; four'p-rincwa] s gescr“he}iI in T’abieﬁ

1.

The problem of ice forl:és on kstructu'ra’s‘has mcé1ved ;:onsiderable .
atteftion in the recent past, but the anount of experimental data is s;ﬂ'\
yery small, ‘and the availabledata. has Various deficiencies which make'
them difficult m use direcﬂy far design or fur veriﬁn:ation of ana1yt1ca1

methuds. Designers have gener’ally relied on empirical fnmu'lae, design

. codes and their own individual Judgement (Neinly 1976)

The mechanical pmperties ot ice are s0 complex and vari ab’le that the

analytical approach ‘of estimating: ice forces on a structure will cmly be *

acceptable when it ‘ls supported by. qu scale measurements and evaluatiun i

of structure performance. The numer of variables inf‘luencing ice forces ’

is so great that field data alnne “camnot. bes expected to give ‘enough ‘infof-*

framework. The gap between. thearetical ana]ysis and full= sgale data may .
be bridged by small-scale experiments (Neim; 1976) % " -
. The mode of failure of an jce sheet is- due to crushing (see F1gure 6)

when the aspect ratio (stru:tum width/ice thicknéss) is small. It has




" results.” 'Sman

', et al, 1975.and, Afanas’ av, et al; 1972}— during small-

the tce sheet fails in" the hucang mode when the aspect

measursnents , to.]

‘info thls c

C1mkae g B 5 it (5_)
LR R N

4 ffective p:essure pE

where C| is the 1ndentat1on cneffment m thé cnefﬁcient fbv‘ v]an shave

of the nose, K the ccntact coeff\c‘lent. V the velncity of |ce sheet An,
meters per secund v the reference velu:ity equal tu l neter per‘ secg nd

.,and a the cnmvressive (cubz) strength of 1ce. A discussion on the values

.of varibns paramters in Kanhavln s formula.is given in Nuﬂl (1976).

thwarz, et a] 978); Hirayama, ‘et al (1972)and ani'llnskv. et’al.

(1978) have cohducted stmall- scale exper‘lments to determina the factors N

which Bffect the' |ce fnrces exerted by 1ce sheets on verﬂcﬂ marine structh




ures. There seems to be genern cnnsensus mn ice forces depem) Ipon

the aspect raﬁn, strain rlte nnd the cqnssive strzngth of. 1ce Keﬂl

+(1976) has given the fn'ﬂwlng s1l¢"ﬂed nlanu\ hebmen four d'lensiw»

less groups for an !sotreyic. |nﬂmue' uni form. uz sheet lglinst a ﬁgid v
vertical pﬂe or pten >

m—-—- f[b

i ellsticny Schuarz. et al ﬂs?d) have sugge§ted some nore pnrmeters,

in their dlmensioml analysis, e. g. mlperature, ratio of strncture width

:oqrairrsue. etc., ® . FISON ": n AR g .

. in North henca and Eurve Some correlatiun nh.h uoirlnl ‘foml'lae has S R

mn Indicated by the full-scale -usnremants. but the coiplete verlﬁc~ )
n.ion of, anilytlnl resuh.s is not possible ‘due to the r.rlplexitles inher- -

- et in -ﬁnl_lemle tests' and the variability of the ice prvnertjes. %

"-'1.4.2 Failire of Ice Sheéts: Buckling Mode . Wty

‘A's mentioneti-earl‘ler: m'm sheet fails ina bu:kling modé when the « ’
o o .

lspect ratia (Zh/h) is. 'larger bhnn & 3} . Bow &

R cenﬂy,

me xmm.m 1sxhe(ng paid to the huckﬂng problem nf a’ ;
plate nn an elastic fndndat(o in ordgr t detemlne the ‘ice, forces gener-
ated on farine structures‘. {Kivisild (1969) has presenv.ed a few rnmn’lae.

t.o calculate the bucknng Toad b(“‘.hﬂllt g|v1ng any der1vation. Kerr ('(977)




WE mmm numard in the ice shee’t “Takagi’ (1975) ‘ﬁ"vemped a theoretical

tios to the buckling problem of a floating plate stressed uniformly”. '
a]nﬁg‘ﬂw peri'?hery of an internal hole.

1.5 Scope of the Present Work X
2 -This thesis can be divided into two main parts. Part I presents numer-

1;:&1 models to predict the time dependent response of a floating ice cover
Y Apnd {he safe t1me of_any. field operatiun on an ice cover together wuh re-
g su]ts of a luud beuring capaciqv test. Paft 11 presents the results of a
v sm_aH-sca’(e experimental ;frogram_to devennine the Tinear and non-linear

fracture’ toughness of. fresh-water ice and a numerfcal model which can pre-

dict “the - v1scue1ast1c resyonse of a viscqelashc material due to the inter-
- actiun with annther doma'ln

;n Part I, f‘lnite elemént numerical model is presented to solve the"

ncy\ Hnear preb'lem of. creep’ beénding ‘of a plate with or w1uwut an, elastic

fnundat‘lnn The in1t1al scrain approach has been adopted u) soIve the re- *

; sul_tmg non-Hnea_r sinultaneous equations. The algorithm uses a thick.plate

., jitiun: The model has shown good agreement with available creep models and

mth the ca]leqted ﬁuld data dnrmg a- 1uad bearing capacity test on fresh~

. vater jée. K:simple rélation 15 propased whi ch could predict the subsequient

: def'lecnon history of an ice cover ‘to the anset of failure. This “relation

uas then used together with the cr‘lticﬂ stra\n energy as a. fni'lure eri ter|un,

_"f'lm' te element which takes into account the effect of the shearing deform- ; *




’ax1 cnnstant c[nss -head’ speed 1uading condition._ The procedure can be
used aft’e/r minor changes to ca]cn‘{at& the \nscoelaszic respbnse due to

ostang stress qte on wnstantstrain rate ~load1ng conditions.; The

THinite e'lement mudel cin predict the generﬂ -viscoelastic response of ice -

due t0" the-i lnteracﬂu with andthur dm\u'n. e.g. testing macMne or off:

“shore Structire. T

e model ph‘lves theuret1ca1 1y ‘that the appare'nt yield

stress, pf the tce ‘due to censtunt strMn rate or constant. cross head speed

1nading, happe’hs whsn the generated strain rate in rhe spec(men rear.hes tl\e
strain rate appHed by the testlng machine. The procedure is then used to
prnvide a deepéy |nslght 1ntn the v(scaelasﬁc response of-a cracked three—
point bend test spec'imen due to constant cross-head speed Tcading. Also,
me results of a smal’l scale experimental program ‘to determine the Tinear

and non-Tingar fra:ture toughness of arhﬂnaﬂy grown fresh-water ice are

. reported. The effegt of the rate of loading, specimen thickness; span

Tength, test temperature and the grain size on fracture toughness has been

investigated. | T N
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No. S TYPIGAL '~
.. 8, ENVIRONMENT %
1. | Impact. of mcmng ‘Rivers at bunk up
‘sheets nnd floes coastal water. with
s i X ¢ upprgcnhlg’ currents
3 | static” pressure from - Lakés , sheltered”
: | expanding :or contra-~* coashl water - temp;
c?mg sheafs chdnqes and- juckinq,
by ng of =
crucks
5 Exposod cqus'to'

Slw prluure from ¥

ma pa;k or jum

i

WG'BI'S - rivers

Vertical movement: °

Tidal Iucﬂﬂons
with heavy ‘ice
build - up..-

. Table 1.

Prmclpul modss of " ice.
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. Pressure’ * bnr s

Phuse dnagrum of ice. Duqhed llnes ure
extrapolated “ or calculated boundaries. ~
“Metastable. phases ‘(apart from ice - v
“shown by th Imll.‘
(From Glun.1974) 5 3




- Fig.

2 :The 9 1t - of . water .in
" ice-'Th. .Nate ‘that the three water
-~ ‘molecules bonded to Bz are vertically
. above those bonded ~to B, o
(From Glen,1974) . .-
-




“legend - )
20. & co

_Projection of the structure “of ice Ik onto - * ,.

the basal -piane. Molecules are arranged ‘in
the stacking uquonco ABBAABBAABBAA

_Luroc straight hexogonal _holes pcmmm -mo
structure. (From ‘Glen,1974) -




qu 4 A close - aucl\od lclyor of sphoru Another
similar layer _can be placed on. top -either "in
position: B or position-C. If the layers are.
stacked in the -sequence: ABABABA... we have
the hexagonal. close - packed structure: If they
- are packed ABCABCABC... we have the cubic.
- close -packed strucfure - or face - centered cubic
. structure. (From Glen,1974) - -
. % . "t
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2.. ELASTIC Ci

2.1" "Scope. By ES “
Tne finite’ elawent nethod 1s used to so'lvt Che non‘linear prub]a -

" of creep beading of a»_ph_te. The initia] strain approach. has been mp- .

: ud‘tu solve the resulting ncr\Hmar simul taneous equations.. The algor-

ithm leads to a tme 1ncmnenm set -of equat!ons. g =
An |snparumetr‘lc thick plate’ bendi»g g'lelent was used and gond
agr:emen'. was obtiined betueen the present work and:.some of the available

lfterature for bhtes with zmd without e]ast(c-foundltinns G '

Z.Z Introduction - w o

Two nathematical odels are available to'lescribe the time dependerit -

'benavionr of engineering naterials. One is ' viscoelastic model whid\ :

uses me or mcre dashwt and spring eluents cmneeted in parallel or/and

in uries. The sécond mdﬂ isa cmp--me sed on an :xperimenml_y

“ determined rel nt(m wM:h descﬂhts the appamt time dependent behaviour

of a nterm. “The present paper deals with the tine dependent respnsg .

of engmeermg nurhls using the :reep Iodel.

vgnhtranan and Hodqe (1956—, 1964) have studied the sum state r.reep

behaviour of unlfnm‘ly lnadad s!lp]y supported and clampet cm:u'lar phtes .

using the Tresca crlter(an and issoclated f’lw ru’la. P(te] and* Ven‘utramnn
(1962, 1953) haye uud thc comylem:nury energy nppmch to study the creep
beﬂding responseé of compmssible circ\ﬂar plates. . Using ‘energy theur&ns of
e]asticity. Bentson et al (1966) have obtained su'lutions to the problem of

s!nply suppuv\ted c(rcuhr p'lates.




Hrudey (1973).. has used the finite element _method to solve the creep
. problen of circu’lar‘ and square plates.‘ He has used the Newton-Raphs on”
method tn su‘lve the resulting nonTinear s-lmu‘ltaneuus eqluﬁons. Murat
(1976) has nlsu used the flnlte e]emeni: methnd mgerher with an iitial
(strain approa:h to snlve an axisymmetrlcal]_v Ioaded inﬁnite plate, on an

_elastic foundmon, - oy a7

N The preyious wnrk was \1m1ted either to th'm p\ate theory.or axi sy- !

-+ metrit plate problené. The presér nodel uti]1zes thick plate theory
N and 1s capab]e of hamﬂing any Joad ccmﬁguraﬂnn The a]gnr1thm is”

useful for both. c'Iass!ca“I apphed mechan‘}cs prob'lems and practical engiw %

eerlng problems such'as the béaring capach‘}y of ﬂoatmg |ce novers (Hnmza.

Muggerlﬂge, and Lulduv, !98\) f}

2 3- FIn'te Ele'mene Farmu’l ation fnr aPlate-on_an Elast!: Fnundatiun nie

et The stress strain rel atimshw for a plate bending ‘saparametﬁc g
e!ament hasad by Mmdﬁn s "theory (H{nmn et a1 1975) may be expressed

as. fn]'luws H

(0) = [n] (¢)

. (m‘m g

¢, the bending mn\ents ves;tor B
iy )=mszyz MR ST L




" and

oot o X "y

)t = {oy *ﬁ,

[0y 1s the stiear rigidity matrix | .- - ¢

is the hending aefomn‘lon ve:tor - H
. 2wl I

is the shear deformation vecwh : .

More., detans abnut this eIement and its applicatiorr to dl fferent plate

bending prah!ems may be found m Hh\to

(1975) . 2 o

The ‘total potential energy of a plate rest(ng on an’elastic fuund~

Atinn may be written as '

ylh'e,re

N =‘5[((m‘(x) vt e

w‘ijw‘fwd;\-‘qud;x"‘_‘ R

f

W

i

is the modulus of the elastic foundation' ~:* ' -

is the transverse deflection of the plate]
s the denstty of the Tateral 15aa’ipg.

‘where &

2 4 creeg CDnstitutwe Equations in Bending 5w -

The faﬂowmg deve]omnent wi'IT be cnnﬁ ned to the secnndary steacly
state creep ‘which- may be described by. the fo'navdng equman for a unt-

3 m state of stmss (Murat, 1976):

1s a constant with dimens1ons of strain rate, % is a constint .

wﬂﬂ uimensians of stress, & € is the cr!ep strain raté, and ¢ |s -u.e un

axial \applied: stréss. Yo y i, By e =




p]ane Yoz.

symetry X, und Yra )\eight Zh und uidtﬁ b, uader a bend{ng noment “in . tn ,. A

Thl bend1ng momant ~w111 huve the fanomg form:

mtion Fite at any ,ne!ght v have the “form

L Eeky

uhere Kk 1s the rate of change of curvature uf the:centre Tine’ nf the rod.

sibstituting equation (i3) 1o equatton (12) and 2t s'mp]u 1ntegr Ion

, We get . « ‘ g

i, : hvn‘un‘.

Co I S
n




o 15 the effective siress

"s”' is the Stress deviator .

Tnnmdns me Same prindples. m cmp power i- undev mhxia'l -
. pun bauding m be exunded ) lnuTtiax{al s(abe “of bemﬂnq as fnllms

1s¢ca'l'|| the' affac\‘.lv ber
; the plite Wil b under

ng mnment (cnnsidering

state of p'(ane m-ass)




" "Ohé-can nnnne that the cmev constants in equatiun (i4) do. nut

: equal tm creep_ m\s‘tants in- equation (23) Aiso, the reader shuuld be

. ln omer to be- ab'le m use bnth equat ons (15) and (23) mgethev,

ion,(‘23>)r1n the -

The mder mqy not!te again that the findl creep constnnts ‘ln
equations (18) and (24) are_nat equal and are functmns of tha p1ate
ﬂnckness This wﬂ'l 1ead. to.'the fact that the tmck p'lahe w|n~ creep-.

., -ata d1fferent me thn!\ a“thin D]ate P AT

Eendlng Breep - !nmnl tmln Appmch

e Incramenta'l IniMa’l strain mdmd (Zienk'lewicz, 1971) hns heen

* adipted 1n urder rtn pred{ct the creep mspur& of plat! bemﬂng pruh'lems. =

o of analysls 1s dhnded hu:n sialt hma 3

red for "equati on. (23). “This- length

eay




 ‘the next “tiné 1nter_vaj.

The pro:ess |s then repeamd




['50 {aq}, "= (R},

ange 1n the strahr and stress is gvven by s

), £ 18] ta),

. w [n]{m - L)

llhere [K] |s the gen!ra suffmss mtﬂx, and (Aqn) is the  *




’~A <15M:

Tn 2l the mnria'l :xaqﬂes presented in this work, the nbnve

qlrlcil stability crlnrlop has been used. Sulle'r values for the

cmsh}_nt‘o* did mtlnnmi: the accurdcy of the numerical results-and
farger mue‘s“h‘ave 91ven '1'ess" accuraté and/or unstable résults:

L2 Egui’libnfm Cornc\lm 3 o . &

© The nmsent a,lgurithm adapts, an exphcit |ntegrat1m scheme which™
wis ubsarvad to“drfft numerically ‘from the equmbrlun conditian:’ There

are several pml:edures in the literature fnr corrécting this’ mmerical

" drift. Stncklm, Naisler lnd Reisemann (1973) have d'scussed me merits

of diffe?ent‘ opt1ons. The fo’llmdng sinq-'(e mructlng lpprvach has been -

useq 4n the present work. First, the out- of-ha\am:e force is oa‘lcuhted

“ateaéh time step ming thn following relation: "

' ""_m‘ “{f} _ is the out-of-balance load vector iam

{aR, ) is the reference Toad vector
-/ B1° 101 ),

iAR]“ is. the effective ]nld vector

 This out-of-balance load vector 1s then added to the effective load

Yector at the next time increment. This approach avoids lny‘ltsmt’(oﬁ N

process and thus reduces the computation time.

3 . & (33) "




o ment n\ode\s fc = 0. 2737 x 10
s £

results of the presznt work have indicated that, using equations (18) and

hefnre by Murat- (1976). " '

2’

8 Numerical Examples. . -..

+ 1. Infinite Plate onan Elastic

vv,M’ur;t._('lWS) hds solved the.creep problem of a floating ice cover,

A axisymmetr E"inﬁnice plate on an elastic foundation was used in

order to smmlate this practu;a'l prob'lem The plate is loaded with a

»cl rcu]ar umfomﬂy distributed load over a radius R. .The same problem

was so]ved usmg the present plate bending ﬁmte element model, Fig. 7.

Fig. 8 shows goad agreement Between the Tesults of the two Finite dle-

710, n=3.5). %
2. Slmg'lx upported Plate |
Hrudey (1973) has used an iterati ve ap'prol;ch in order to solve ‘the

creep hend1ng pmhlem of simp]y suppnrted square p'lates A flni‘t‘e ele-

- ment Mean hon, shown in Fig. 5 -has been .used m predict the creep

response. F1gures J0 to 12 show a comparison between the present work °

“and ‘both. Hrudey's (1973) and Ranlet's (1965) wa}-k %

“The reader will notice in" Figs. 1 and 12 tfiat the present model

predlpts sf@}]er stresses than those premcted by the previuus models.
. “In Hrudey s and Ran]et s work, the steady state cmep bending response .

H of the plate has heen ca'lcu'lateﬂ neg]e:tmg the pr(mary creep r‘espnnse

of the plate. In the primary creep phase, t‘he crEep stram rate ls
relativew higher than in the stead,v state which wﬂl Tead to faster %
stress relasation, 1.e. Tofer stresses at the Steady- stm. The numerical
(24), the créep bending .response’ of p'lates wl'l'l have Mgher strafn rates

+in the primary phase than in the secnndary ‘phase. This has’ .been ol?seryed




has been axtended to multiaxial creep -bending state by xdnpt,{ng ﬂou o

" never been used hefnre (n creep bending, represent a s'mﬂe accur&te niy

2.9 Conclusiois

“An algorm-, to solve the creep bending pmh of thick plnus,
has becn presented - The uniaxial creep bending conszihmve eqnutlon

rule uMch 1s similar to ty-e one Ils:d in tnree—dinms*lnm'l creep prnh'luis.

Thz a'lgorlthm adapts the {mitial strain approach in order to solve the

resultmg nonlinur slmluneous equations.

Good agreemént has begn .ob- )

tained between the proposed model “and available nmler|cal creep models.

as'well as long-term load haar\ng capacity 'ﬂe'ld dn.u.
approach together with the f]aw rule (equations 18 and 24). which has

to solve creep bemling prob'lems.




~Murat, 3. R., 1975, ) "Axl-symetﬁc Flnite Elunt Formulation of: lllm—

‘Ranlet,:D., ]959‘,

pvalea A

Kalla. H.," ﬁlggeridge. D.B. and Lamley., s 198], “Elastic Creep‘!endiﬁg
3 Am]ysis of Flont'ng lce Covers”,’ onc IAHR. Univerﬂt‘y'of Laval 0

quabec. Caiada, " "

'1975. R

E]mnt Keumd' Int J Sohds and Structures, V9. pp. 297 & 3]3

homogeneous Floating I¢e Sheets, Part Il:" Cv-eep Knalysis". Eole L
Polytechnique de Wontréal; EP Js-m i

A ind. v'enhm'-un, 5., 1962, ,"Creq: Bemnng or;mressible

Patel }

‘ Plates". lnt J. Mech. Sci., V4; vp. 137 - HS.

"p’re:p Ana'lysls of Squarﬂletgs", Po]y;'c'
-ute of_Brooklyn, PIBAL Rept. No. 69 ~ 4 '~




Strir.an, J. A‘, Haisler, W. and Re\seman,'ll-, 1973, A"Eva'll’tatwn of
s Sq'lutinn Procedures of Mateﬂa] and/or Eeanetrlcally Non- -Tinear -

. strucmm Analysis“’. AT 35 VM, pp. 2923299,

Vénkatranan, B., and, Hadge, P 6., 1958, "Creep ‘Behavior of Cifcular

. Mech. Piys. Sans, V6, pp. 163-176

Venkatraman, B. and Hodge, P.E.,JQSA,‘ "A Further Nuta on v\e Creep

- Behavior of Circilar Plates", Ji Mech.’ Phys. Souds.«y]z,_pp. 19

Zienk{ewicz 0.€., 97, "The Finite Element Methnd in Engineer‘ing v

Scwnce"; Mcérau-ﬂﬂl, Londnn, Second EdiHon

Zienk‘lewicz, 0. D., and Comeau, l C., 1974

tic{ty and Creap In Ehstic Su'lids = A Dnified Nuner!cal Soluﬂqn
Ap nach",‘ lnt.

. Num. Meth Eng > V8,




- & Wk . e
' 2 7
% - b
s <% $
3 .
- i ¥4
- - v s s %

 Re=oL4am Y
\ -. . Thickness = .83 m

cL \—eygo § i
*, .. Fig. 7 Finite ~Element: Modél . for. ‘an Infinite’ Plate .on
Fal . -.an Elastic- Foundation. :




} tege b ..oznv....o.._ aysb|3 uo uo'

i . S e ., o

7 T

P g o_:ﬂue I T N R

" E° OT

H JT Uy eeb0s
& x;O; jues o
L euel imanw — ) g .
T (0=n" uoyniog o_..u_ulll.. L atld

seor . oso. . oS0 . .B«o....f 000
Y =T A -

ol - oimig enuiul pepoo AlipoLe: kv uo'Jo-uonosseq doasd puo aysol3 8 u..._,.

| gOL¥(UZ/M). UoHOREQ [BIIRA -




weigro—].

\—w ‘g0
Flg 9. Finite. Elomom Mod.! M a SImpIy
- Supported” .

SQunu Plnh
T . w




‘ : : .:..E.m no ._\: u..a_< =e_.uozon__

S0

R o
$0 .. €0 - 20

—

T g e T

G=u o
‘Wi juesesd o7 0

6961 “I8juDy - —

C L BLer theprin —

S00

900

= .
|
Lo
iy
a3
i e
*
4 :

200,



pi—— Runlg' 1969

" — Hrudey 1973

s; Besd Present ‘Work
‘e n=5
c/ 1 a3 1 1 ‘1
- / 01 02 03 .04 05-
5 R y/L :
o0k g L

Fig.11. B.ndlnn Moment Along x/L=0. 5, 5lmply Suppon-d

Squan le Under Uniform Load.

&




Hrudey 1973 - -
=== Ranlet 1969 .

; 0.0l ; A R
. : / SR g gs ":3 Present Work .
W o n=5 o -
i / d =
ok 1 F g I L Lo:: Yo e
0.1 0.2 03 . 04 0,5 B 3
. yiL ; .
| T T R
Fig:12'Bending. Moment Distribution Along x/L=0.5,Simply . e
Supported Squavg Plate Under U\n.lform Load. T
1 ;
1
t 5
/
N » e




lluhr differem types of load'lng.

This"work will present the experimental results’ obtained-during 3
prutnlype lnng um Toad hnrlng cpacity test... The mner\ul nsults
. dbtained fnn the. creep bemhng mode1 developed. before, have ‘shom good
agre_el!nt,vltn the . experimtal “data. A'simple relation is proposed to
the snbsequa\t deﬂ!cﬁhn history of an ice cover tﬂ\ thz onset -
: n equation 15 presentad which is able ‘to prred1ct . :
Hme requ'red to reach the onset “of fatlure. The fornula has Shaim .

“est 4 the mechiantcal properhes of ce-and the Faflure: hehonens of fce. V_

K car!fu'l uvuw to- me a-vaﬂabl: antum will indicate that the .

Mevel (1976) ha vres!nted a cmlgm ‘theory to predh:t the
long—herl nsprmss of floating fce cnvers mder a snﬁc lnaa. The
thenry is hased ona muTti-elunent visme!ast(: model which ‘can pnalﬂct
deflection and stresses as’a function‘of time for a given load. A e

plete review of the stnte-of-art 1s g(ven in. the sumn ‘reference. . % N




Experimentai and theoretica'l failure fomu\ae Mve heen deve]—

2 nped which lead to an expresslun fnr the criticul vahle of un ubservable
quant‘lty, e.g. ’luad. daf'lecticn, or maximum s’ ram energy Kerr: (1975)

has presented a crltical review nf the avuﬂable failure cﬁteNa which

use d1ffnr=nt ar\a]yncal apprnaches In a.more recent work Be] tag

(1978) has pmpused that the maximum value of| the stram enevgy be, _sed

I _' “ as a faﬂnre crlterion for flnating ice coyer$ under any load higtory‘

~The critev‘lun avpears tu agme with fie'ld exyénment 'm pr!dlcting me

{lure cf fresh water: and sea. water Ice

onset of fanure and. the fina’l.

" covérs.

Enpirical g g t
Formulae baseﬂ on'a ﬂetd data have been used to predlct th
Be\taos “and- Lipsett. (197&)

subsequent deﬂectwn histnry of: lr.e cover

have pruposed a simple equmon which can evaluate cumlgte dgﬂect-

- the. defiection r'nstw:' E

10n nistury after’ knwing the 1 ia] pa
The present :hapter wﬂl lnclude deuﬂs af a pmnotype load oearing

perimental resu'H;s obt.ained dur'lng

L capacity test,’ :omvarisan beme:n the
this test and the results of.a mmer\:a'l creep bending mde1 developed
“before, and a simple Tedasian to predict the complete defTection. history

An analytina’l fonnula is also derived which

until the an-set-nf fatlure.”
can pred\ct the time of .the onset ‘of failure for a g\ven !oad@unﬁgur—

ation and type of ice;

3.3 Experinent

The Toad beartrig capacity test was carried out on’Long Fond Which s




Umvers\ty (See La1d'ley, Laurex\tius and.| Ha,mzq, 1980), - The, site \oéation
together wWith the’ buﬂwmetery of the -pond”in‘the imediate v|cinity 0

N with a calculated ‘mamg rate oF 97 W/sec. An array of thrée strain-

meter was plucgd -along a rndia'l Hne frun the Toad, as shmm in Fig. 14, -+

_in order to mmtw the Surface strains. during loading the ice cover and_

durlng the period of ice cover re’laxing due to the creep phenomena. The

straimneters\ were uniformnl'l,y positioned along a radial H qt distances

- of 1/2 2/3.ahd full characteristic 1ength of the ice’ cover. The, 16¢at-

in.order to obtain surface strain

fons‘of the strainmeters were ehns
historiestin'the area where the initial-failure would probably start.. This
provided us with data which has aﬂowed us to understand.the failure

pnenumena in bending, eva]uate the perfnrmance of the strainmeters under

these conditinns and compare the- f'le’ld .data with the theoretical results.

A rough estimate of the charactahshc length was calculated from Gold's

(1965)" expression for columnar fresh-water ice of £
using screws. in fixing the.strainmeter to.the ice cover which could in-

tmdm:e cracks. the strainmeter were frozen”into the ice cover us(ng

sand mounts and slush.
A standard engineer s, mey 'Ievel has bEElD se'd in measuMng the

deflection profile uf the ice cm?er. ’fhe mstrument was set up approxi-
;nntely ﬂv: tmes the characterisuc Tlength away from the 1oad so that
deflection in the ice cover would not influenca the consistency of the

1604, To avotd -




s g ¢ - “ s
I;o'rh{)qh-l r;iennea.;;lme: The locations of the stations were chosen
to be mmveu Close together near u’.;rn;ad and to be further apart
.as they vent away from the load. Heasuremnts Indlnud that the ver-

| tical deﬂe:ﬂon nf u\n ice cover is almost zero'at a distance, away

ﬁ'_ the load, about four times the cmractzrlst!c length. During the

. loadmg -of u:e ice sheet, d!ﬂe:tiun pmfﬂes were nasmd every three
»

minutes for ﬂle first thirty minutes-and themfur avery 15 minutes.

nearness. nf rhe Long“Pond site has enabled close ubsarvatwns

Vw b& ’ lntamed on “the ice thickness growth rnw.nnd meteorological con-
Lditions under which ice formation and grmm have oc;:u;red.. Ice thick-
ness measurenents were inftiated on Decénber 25th and conunded ntil -
Febmury 18th. -.An ice gmm diary is included in Appendix N
*  Two ice cores have heen taken on March 4th and used to obtain thin

sections for microscopic ice core analysis. All three major ice types
(p - primary, s - secondary and t - tertiary)‘have been identified.
Photographs and a sketch of the number of the ice layers and ice types
identified are shown in Awend'lx 1.

A record of the vertical temperature profile through the ice sheet
was obtained by freezing a thermistor array into the ice.
3.4 Numerical Analysis ¢ :

2. Deflection History ) et

For instantaneous Toading, the total deflection at any tine will

be assumed to be composed of two components

= g o R o © ()

~ "
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where . . %
W, L is the total deflection
W, s the elastic component of deflection  *
" W, fs.the creep comporent of deflection . )

The following simple relation is’suggested by the author to represent the
. vz i

creep.deflection rate of a floating ice cover . ~

N u(L) o1 "

o<m<]

which leads after simple 'lntegration to the fal'lwing expression for the

creep def'lectinn = g F

. EN e :
(B & %

3 (hz) o ; S (38)

where
W 1 the creep rate.of deflection .

We 1s the creep..component of deﬂe:tinn

p .is the total applied load
N h  is the ice cover thickness ’
. t  is the time

¢, s a function of ice cover thickness and témpgratum

Ex;‘iressing the elastic def]ection component in similar fashion, the total ~

deflection will have the fa'l]owing funn.

=C<L)+cz<2—) e

where ¢, is"a function of the elastic modulus, temperatuve and the ice

cover thickness.
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The reader will notice that the values of both C and "2 will be
'determmed using a simp]e pmcedure for every prnhlem without the need

to derive the exact mathematica'l form of* any of - < and Cpen . .

.The assumption of 1nsuntaneoq§ Toading is a pure theoretical one.

Tn actual field'operation, loading usually is of a ramp type. - The
_‘actual deflection during the loading phase will be greater than for in-

" ‘stantaneous Toading. depev;dfng on the rate of loading. -In‘order. to app- ’

& ‘;jyximgtejhe_mngmﬁjgm,theJ,o;ﬂ,ijj,nLa,s,s,ulned to be apptied in<

stantaneously and. then képt constant over a period of time.t,, where t,

+1s the loading tine

'tom deflection‘at the.end of the '!oadmg :

e

LR "-ﬁ(%) +cZ(L) e " " ’ ,..-"(Ao)>

> tg, will have the fonomng form: .

(JZ)'CZ(EE) t nz(ﬁz) {m ) for ts £ ‘- % . 1)

The constants c and € will b: eva]uated frnm the 1n1l1a1 part nf the

deflection history. This curve ﬂttlng process shmﬂd be done for euch.

field opération. 5 ¢ R
b. - Time of the Onset uf Failure :

S\mﬂar analysis will ‘be carried out 1n mis secticn 1r| an attempt

to predlct the time required to reach the nnset o'f failure of.an- ice

cover. Following a similar assumpticn  the mta'l work done'by the

térnal Toads on the, icé.cover will be dlyideg into tho separate campn,lg,- i

Thls will Tead to the following expresslon for the.

|

i-
|

o
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= kpw + pg

where *- i 9

- By is the total work done v

I E, Is the work done during 1oading '_ .- i -
: E, is. the work done aftgr loading: . . B
e ©« 'L ks a constant which depends on the rate ot ]uading
2 ; VoLt L. w
e, *0.55 - 0.75- for ramp loading - gy e 1 A

The work dorie .during loading can be obtained. by substltuﬂw equaﬂnn LN,

. 40 1nto the expression for E in equanon a2, - g Tte

’ : 3 2 m
E0.5P¢ (97)[1+;]£ (;Lz) 7

This will give the value of k to be

L k=usu+—(P—> ]-‘ B s .

It should be noted that the se:cnd tem in the above equation can be E .
thnught of as a correction factor to. accounit for the effec!: of tht_a.rgte
T bf toading, ’ o ’ S T e
The work ‘done by the reactinn forces (ﬂuid e\astic foundatlon) fas:
been calculated by Beltaos (1973} to equa’l
X ) hpy g & ER-O.Zép(we:’:wc) e ) (s6) .
’ where Ep 15’ the work done by reaction forces. Sllt;_tructing equation 46
fron gquation 43 W1l give the net stored potential energy fn the Floating




“ice cover as-

(Kﬂzﬁlpw +O75pw

At the' nnset of faﬂure, ‘the net, stored potentia} energy m the

‘Be‘ltans(1977) JPSANEE

f'lnahng ce ccver shou1d equa] 0 the ciitl cal valua prnposed by”

o W72 egp = 331 Kl(.m.m'z's)' g7, § (69)

: 2. ‘
- L—~—~——°F s T E g s}
v 075c2;:(L)3 ) ;,, e S w G

l't is ‘worthwhile - tu oint out that the ahnve fnmnlae can not be
ime required to” reach the co!rp'lete quure Any s

used to pr‘edici the
attempt to do \‘.hat usmg equatmn 49-0or 50 will over. est(mace the time,

This can be exp'la{neq by the’ fact that ‘the deﬂection rate. after the on—
set.of faﬂure wiﬂ be.muchhi gﬁer than, that predi:ted hy eqlmtion 37, X

1 was fientioned earlig that both ¢, and cé 4ré tenperature depend-
“ent which will Tead to the faci_thai: t;F 411 a1éo 'bé‘ceiqvev:;tdia dependent




" Vious ana’lysls Wil giie an’ipper bound to the actul tine.

This dependency may have the fn]lnwing form: .
cp = cp.ex (- /RT) . NG
i) exp (-0/RT) . : ;. {52)

.G

where:

. -'Q is the activafion energy (Q = 66.9 kd.mo1™)) e
R is the gas constant

T is the absolute temperature

5 are functions of ice cover thickness ‘and modulus of

“elasticity:
Final ly, H. should be mntioned that estimating tuF using the pre-
Since it is

‘well knnwn that h:e covers: may suffen-from cncklng activity durinq the

" primary and semndary creep phases, which will Tead to a Mgher effective
. creep Tate, it is reconlnended that the theoretically estmn:ed time should
"_be reduced to shout 0.8 of. its value in order 0 predict the actual tine

for a certain field uperaﬂnn. . b 5
3.5 ComErison with tha Field Data ) 4
The Tast task in this work is to compare the cn\]ected f|e’|d data
| with the prupused and available numerical models. The cu'ﬂegted data
U;b'l udes elastic deffection profiles, deflection profile histories and

surface strain histories at three selected Tocations. _ .
o Deflettion. Measurement =4
Ass\ming that the total deflection after completion of loading is

elastic deflect’lnl\. a reasonable agreement (see Fig, 'IS) between the




finite element elastic results and the field data was obfained using the :
following yalues 3

v =0.333

£=3.4x10% n?

Using the results of the elastic analysis as an initial condition for the

creep analysis, the creep bending model was used to predict thé time re-
sponse.of the fce cover, Figs.'16 and 17 show good agreement between the |

nunerical results and the field data.” The bést curve Fit between the finite

- where he.Stress, o, has'the urits; K

elément results’ and field data was obtained using the following relatioh:

4 & 5001071263 winl Lo (=9
! ]
{

The reader will notice that there is one field data point in each of
Fig. 15 and Fig. 16 which is. deviated from both the Finite element sol-
ution ‘and-other field data points. The-author believes that there was an

error in measuring the verﬁ_ca{ deflection at these’ two points.

b Surface Stratn istory T
The strainmeter outputs, recorded on .a Rustrak chart recorder, are
reproduced in Figure 18 and correlated with the-load history. The rel-
ative posinon of the strainmeters c3n be seen in Figure 140 However,
_the output of strainmeter J4 is not shown. This is because a misalign-
ment of the LVDT core caused a frictional problem within the instrument
and although the output did exhibit the same general strain patterns as
instruments of J3 and J5, no-meaningful quantitative measurements could

be obtained fron its record. The strainmeter records have only been re-
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produced for the first 3,1/2 hours since no significant chenge in the
strnhﬁ_etel" outputs were recorded after this time. The asymptotic values  ~ #
of strain were reached after approximately 40 minutes for straimeter J5
and after 160 minutes for J3. The maximum values of the surface s;:tiins,
recorded at these times,were 65 micro strain for U3 which was positioned
2.51 m from the centre of the load and 30 micro strain Yor J5, located
7.65 m fron the centre point. A 1 estimate of the

of the surface strain may be obtai ned by using the geometrical definition-

of strains——— SR st
e ik o (54)
where
is the surface strain
h is 'the ice sheet thickness,

R ‘is the radius: of curvature of the ice surface.

For the elastic portion of the test, this may be evaluated utilizing
Wyman's (1950) solution wheMe:

1. : . (55)

. - " =
This "has been done and the results shown in Figure 19 with the position
of strainmeters J3 and J5 also 1nd|utec‘i.

According to Figure 19, during the loading process the ice surface
under J3 should be in compression and the surface under str.nm:ter Js5 in
tension. The strainmeter records shown in Figure 6 show that this is 7
ﬁhut occurs.  Strainmeter J§ 1‘s undergoing cénsiun from -thu start and the
discontinuities due to M of the ice sheet are iians!la events. AAt .

"the comencement of loading,strainmeter J3 starts to undergo compression,
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is then affected by the cracking of eveni,l and suffers a tensile shift,
then continues to experience compression. However, once loading has been
completed, both strainmeters record only surface tensile strains.

The theoretical values of the elastic surface strain at the mid-
point of the stv:’einmeter's gauge lengths are +12 microstrain for J5
(tensile) and'—;Iz microstrafn for J3 (compressional). To compare -these
values with the exuehmental data it is necessary to correct the recorded
values to compensate for the'effects of the ice cracking induced discon-

tinuities.. For i J5_all-discontinuiti By 1 d-the

¢
fore must be subtracted' from the measured strain values to obtain that
portion due to the elastic part alone. The same type of procedure must
be used for strainmeter J3.- However, the ice beneath this instrument
,is in compression and thus all tensile crack discontinuities must be
added to -the measured strain values. The crack discontinuity identified
as event #2 on the J3 record is the only compressive discontinuity meas~
ured once the test began and. therefore its ccntnbutlnn must be subtracted
fron the J3 value. =

Using this pmcedure. the measured elastic surface strain.values
were +15 microstrain for J5 and -20 microstrain for J3. .The J5 calculated
and measured valués agree well, but the J3 values do not. This may be
due to the large 'strain gradient that exists within one characteristic
Tength of the Toad. The use of a guage Tength of 1 m may be too large to
obtain accurate measurements of strain close to. H\e 'load dué to Tinear

averaging across -a highly non- 'Hnear strain gradi:nt.




c. Time of Onset of Failure
In order to chéck..the numerical ana1ys}"s presented- in a preyious
section which predicted the time 40,( the onset of failure, an attempt
was made to compare the: fnodel wimb\_ independent field data published
by Beltaos (1977). First an attempt was made togeta reasonable curve
o+ fit between equation 41 and the field data. _Good agreement has been ob- ‘

tained using the ‘following.values N

n-=—0+66
¢y = 0.347 x 10712
for a Toading time of approximately 24 minutes, and substituting the ¢

above' values for m and c, in equation 49, we get .

top = 8.8 min,

This value is in"excellent agreement with the actual value which is
approximately 90 minutes. 'If equation (50) is used instead, ve get

& i *
top = 89.9 min.

which is again in excellent agreement with the field data.

3.6 Ice Cracking . ’ -
The event markers in Figure 18 indicate the times as which signif-

icant events.occurred along the load bearing test. Other than event #0

v at which time the pool loading commenced, all other events relate to

cracking of the ice sheet'in the vicinity of the load was heard, but
not-seen, at times noted as events #1, #2, #3 and #5. The strainmeter

records support this by indicating discontinuities at the first three of




these events but not for.event #5. Event #4 shows.a minor discontinuity

in both strainmeters, but.no ice cracking was recorded at the time of

this event.
As d"s:ussed in' section 3.4, once the test began,.all recorded

cracking activity except event #2 near J3. showed the tensile release of

stress and the creation or further opening of existing cracks. The ex-
ception as recorded by J3 indicates that there must have been at Teast

two cracks since the ice under J3 underwent compression while J5 simil-

taneously_recordéd a tensile evant. oo
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. 1
4. RESPONSE OF VISCOELASTIC MATERIALS UNDER DIFFERENT LOADING CONDITIONS

4.1 Scope

This work |svcom:erned wi'th the formulation of the response of: homo-
geneous, isotropic and linearly viscoelastic materials unde‘r uniaxial
constant. cross-head speed loading conditions. The procedure can be used,
after minor chianges, to calculate the viscoelastic response due to con-
stant stress rate or constant strain rate loading ‘conditions. The fin-

ite element method is then used to extend the present formulation to

. multiaxial state of stresses. The finite element model can predict the

general viscoelastic response of ice due to .the interaction with any
other domain, e.g. testing machine or-offshore structure. The model
praves theoretically that the avpamnt yteld s:ress of the ice due to .
constant strain rate or constant cmss-head speed loading is due to the
fact that the generated strain rate in the specinen exceeds the strain’
rate applied by the testing machine. Finally, the procedure is used to
provide a deeper insight into the viscoelastic respc;nse of cracked‘
dhree-point bend test specimens due to constant cross-head Toading:

4.2 Introduction

I
Many engineering materials have shown a behaviour that depends on the

type and rate of loading. Ice is a typical matertal which can réspund as

$etastic (brittle) or ductile (plastic) material depending on the

rate and type of loading. Many investigators have studied the material

properties of ice (mode of failure, elastic modulus, yield stress) as a
-

function o(rtzmpzrature and rate of loading. ~A good review can be found
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in Weeks and Assur.(1967) and Schwarz and Weeks (1977).

Invesﬁgatm_s haye found that .ice will fail in a brittle mode of
failure if the rate of loading is relatively high with higher apparent
stress of failure. Howeyer the mode of failure will change considerably
as the rate of loading decreases til1T it becomes a ductile mode of

wfailure for relatively ver'y low rates of loading. It was observed, also,
t!\lt ice will have an apparent lower-, yield stress at those low rates of
Toading.

"It was demonstrated by Sinha (1979 a,b) that loading ‘a. compression
test spec‘imen under constant cross-head speed uﬂl lead to an ‘increasing
effective strain rate which will rench the namimﬂ strain ra‘e at or
close to the apparent yield stress. He showed, also. that stiffer test—
ing machines.wil1 result in an effective higher stress'rate and the
failure will tend tn‘lie brittle or premature, while less stiff testing
machines will result in Toder stress rates and apparent ductile yield
failures. A comprehensive experimental program is usually necessary to
predict the effect of the rate of loading on certain material properties. .

In the present chapter, -a numerical procedure will be presented
(see Hamza and Muggeridge, 1981) which will enable us to predict the
deﬁulhncy of the mode of failure, elastic modulus and yield stress on
the rate of loading and test temperature. Using the finite element
method together with the incremental. initial strain approach, the pro-
cedure will be generalized to a multi-axial state of stress. Finally,
the procedure will be usmi to provide a deeper insight into the visco-
elastic respanseufacracked thiree point bend spec‘lmn due toa mnstmt

cross-head speed load1ng condition.




4.3 Creep Under Varying Stresses

In order to extend:the uniaxtal creep law to a multi-axial creep

model under general loading, two ingredients are required: A flow rule

to extend the uniaxial law to multi-axial loading situations, and'a hard-
enjng rule for varying stresses and temperature.

In the following analysis, a Norton power law will be' used which,
under- uniaxial stress, has the following form

s . 2

) L (56)

eaies |
e ©n to

-Where n is a scalar constant, ':" is a constant with thjd‘lmenﬁens of

rate of deformation, o 1s a constant with the dimensibns of stress, &,
is the creep strain rate, and o is t);e agplied stress.

Assuming, the material is isotropic and incompressible, and creep
does not occur' under hydrostatic stresses, the flow rule will have the

following form

. - ny n-1

feyj ") ‘°ne 4 (67)
where % is the effective stress and is defined by .

B s ’ :

of = FSy TSy (58)
Si:l 1s the stress deviator and is defined by

wig, a1
S137 %3 73 13 % ()

There are three existing hardening rules in the Hurntur:e: A time
hardening rule; a strain hardening rule and a modified superpuéit?on
principle,-of these the straln hardening and modified superposition have

been found to better represent the experimental- results.
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In-the present.work, . the strain hardening rule will be used. - It
may be exprgssed. for the uniaxial case, in the following form

f

3 (s0)

n

¢ =e (&

go=e, (2 e
n )

vhere o is the current stress, e, 15 the current total strain, £

is the current creep strain rate and n, p are constants.

4.4 Constant Cross-head Speed Loading
4.4.1° Formulation " w

Let us assune that the increment in the total strain‘at: any moment

can'be divided into two separate components as follows -
i Y

fey * e+ be (61)

where 3
Bey is the total strain increment

" 4e, is the elastic strain increment

e is the creep strain increment

In the present ana\y§1s we will distinguish between two types of el_a_sﬂé
modulus: The first one is the m;ﬁria] elastic modulus, E’. which is a
mterial property and is constant. The second one is. the effective

or af:pnren"t modulus vEe which decreases as ttne test progresses and
has a maximum value equal to E at the beginning of the test and a minimum
value at or close to the ultimate stress. It-will be assumed, also,

that the elastic strain 1ncmmeIt is persistently related to the stress
>

increment thwugﬁ the material elastic modulus E.

i Since the present problem l\s a nonlinear oné, an incremental approach
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will be adapted in solving the mrrtr?lling e;luatjnns. The test time

increase by Ac and the creep strain rate will be assumed to remain con- -

stant.

. e
period will be divided ﬂ\{ﬁme increments during which the stress will

At time tn and during the time interval Aty the stress rate will

have the value

where

S ™ B ML) G s LT (62)-

Oy 15 the stress raté during At N

"E, s the effective elastic modulus at t,

°n

G -

FII K!/ (KS. ¥ KE)

K, 15 the stiffness of the testing machine and supporting
accessorigs :

Kg is the stiffness of the specimen at t
m

=E, AL (for compression or tensile test)
™

V. is the cross-head speed

L is the specimen jnitial length

The total strain'rate during At 4y may be calculated from

(90" e:m . (63)

The effective modulus of elasticity may be calcutated from

R, B R P

\ B




S R U ) ,
1 By 4 (64)
w1 . 2 ’
The total strain at the end of the time increment At will pe
€, me, ti At (65) .
et tee e
The same steps will be repeated for t . "
: foe.

The reader will notice that the above procedure can be used for con-
stant stress rate or constant strain rate loading if G, or & B, res-
. spectively, have been kept constant during the test. This w_il'l lead to .
.a decreas‘ing cross-head speed in the case of constant strain 'luading and
to an increasing cross-head speed in ‘the case of constant stress rate
Toading. '
. The reader should recognize the fact that the maximum value for
o égm which. the test machine can apply to the test specimen due to con-

stant cross-head spee§,1uadlng will have the following value:

: =L ‘ NG
1 max : . . ;%
Upon reaching this maximum value, -the loading condition will change to

a constant strain rate loading condition.

|

4.4.2 Temperature Effect \r
The temperature effect on the viscoelastic response will be incut}-

porated into the creep component of the strain. Sinha (1978 a, b) has
suggested the, following dependency.
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i = € exp - (O/RT)
Where i
l_f‘ is a constant
Q is the activation energy
.R is the gas constant
;T is the absolute test temperature
4.4.3 _‘ Finite Element Procedurg, ,* £
In. this .s'ection. in order to generalize the pnvfn‘us‘ pr\gcadu‘n. a
finite element formulation is presented.. The initjal strain approach has
been adapted to “Solve the rionlinear problem of creep under varying stresses,
(Zienkiewicz, 1971). The algorithm leads fo incremental equations of de- .
formation. Assuming that at time t the state of stress and strain is
’ (q]m and {:)m, the algorithm is as follows (symbols have the same meaning
as in Chapter 2): *
1.~ For the time increbent At calculate the corresponding change
, +
in the applied load (Ap}lm1 then solve- the following.problem.
K] (8ady,, = ol : . (68)
2 - Calculate the corresponding changes in.the strain and stress vectors.
. 1 5 & 5 CEE
{bedny, - =-[8] {aqhyy . % . . (69)
‘ 1 . i )
(ol = LED {88 » (70) .
3 - Update the strain and stress vectors » \ -
1 Tagh] . §
3 folgy = (ol +dbokpy 5 (n)
1 . 310 *
CoASdgp = el * {tedngy




FEd

n
4 - Compute the creep strain from 3
Azc.:l:(cﬂ LTI o8 (73)
5 - Calculate the effective load from
ey 4 N
g [ME I 4 on
6 - Compute the éhunge in the displacement vector due to
the effective ]o;d.
: ) .
e = 7 60, C e
7 - Compute the change in the strain and stress vectors.
s ;
{ae),q = [B1 {aq) ’ ¥ " (76} *
el = 8] Qale (76)
ol = [E] edyyy - el (77)
8 - Update m‘e strain and stress vectors.
1. -
©hgy = gy + el { (18)
. 4 . 3 L.
% 1 S s
{0}y = ol + ok, K (79)
¢ T

9 - Go to (1) for the next time increment

The reader will notice that the finite element procedure 1s
quite general and it can be used for any typé of loading condition
with minor changes and for two and three’ dimensional and plate
bending problems. i "




4.5 Analysis of a Three-point Bend Test Specimen

In this section-an analysis using the previous pmcedun;. will be
-developed for the cracked threei“point bend test spe.c(men. The purpose
of this analysis is to provide .; deeper..insight into the effect of dif-
fe‘r;en't parame_tev; on the viscoelastic response and app‘arent‘str'engrh of
tpe_ test specimen in order to be able to predict in advance whether the
spgcimen w!"l l’.respnnd in a brittle or ductile Lnanne’r and select an ade-
quate failure criterion and fracture toughness parameter. . The following

relations will be used in the analysis (Tada ef al, 1973):

SrolgesmR Qo Q NS
P . )
"*'w'm“ = %o crack & Xerack w7 ° “(82)
[ tx=$R® (@)
where . E%%% ) J S
P is the applied load s A

.. S s the span of the spectnen
w 1% the specinen width
h i;J the 'specimen th-lck;uess
a s the crack Tength
K] is the stress intensity factor in the apening mode” (mde 1)
(Tada et al, 1973)
8 |s the crack opeMng displacement (COD)

D)

EEary
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X1 crack 1 is the deflection of the specimen if there is no

erack

*total

F (2

crack
is the increase-in the defléction due to the
cratk

is-the resulting deflection-

a ” 3y 4 32 _ v, )3
0% - 173, @) 4 w0 (F - Tt @9° (a0
+14.57 @) for.s/w = 4 870,85 < é< 0.55

07 - sz @)+ 7.1 @2 - 1058 ()

Fyd)

Fy(d

+14.25 (9% for S/w=880.45<2¢ 0.5 \
- 2, 2y2 3,3
"0.76 - 228 () + 3,67 () - 2,00 () &

.0.66 a.

+ 28, for 0.45 <2< 0.55 @)

) .
[:J%T{s.sa - 19.57 @) + .82 (B)° (86)-

-2 f

-390 @3 2.7 @Y rof 05 < 2<os5

Following the previous procedure we may aséme that

where

A8,

\ i

! o7y,
e !
~c(88).

A8, is the elastic COD Component :

4, 45 the creep COD component.

88y 1s the’ total COD

Axe is the elastic deflection component

xg 1s the creep. deflection colvwne‘nt

Axy is’the total deflection
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The creeﬁ components of the COD and deflection may be calculated
from the following relations:
’ = e osP 2 .
88, = e st.aaA Fol)- At L ~(89)
ax, = co"B.5.Fy(3).at . (90)

where ¢, and ¢4 are constants.

The temperaturi effect on the viscoelastic response of the test specimen
may be incorporated in the creep component of the COD and &eflection as
in equation 67. .

|

4.6Results and Di e e s s B

A computer program has beendeveloped to predict’the viscoelastic
réspnnse of ice under uniaxial loading. The program has.been used to ¥
study- the effect of the crqss-head speed, the test temperature, the stiff-
ness of the test machine. and the specimen dimensions, on the apparent
viscoelastic response of the ice test specimen. The numerical data is
plotted in Figs. 20-23.

In Fig 20, the stress-strain curve has been plotted for diﬁ:emnt
cross-head speeds (XHS). The model proves that the-ice test specimen
will show an apparent strengthﬁwen the applied deformation rate equals
the induced deformation rate in the specimen. The curves indicate that
the apparent strength of ice increases as the cross-head speed increases.
This situation will continue to be true until the cross-head speed is
high -enoughj sotheiice test sper:menhwﬂ'l reach the actual strength and
then break before it reaches an’ equilibrium condition between the applied
deformation and the generated deformation rates. Good agreement can be
noticed, aiso. between the numerical result: and the experimental data

obtained by Sinha (1979a).for the same specimen dimensions and rate of loading.:
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Fig. 21 shows the test temperature effect on the measured stress-
strain diagram. The curves show that the apparent strength increases as
the test termperature decreases. In Fig. 22, the effect of the testing
machine stiffne;s is demonstrated. The reader will notice that as the «
stiffness of the testir;;a;chine decreases, the ice specimen will have
a ductile-like respénse. This agrees with the experimental data reported
recently by Sinha (1979b). Fig. 23 demonstrates the effect of test .
specimen cross-section (A) on the apparent viscoelastic response. As
the cross-sectional area increases, the internal defomation rate decreases
which will Tead to a ductile-like response and a lower apparent strength.

Further study about the effect of the previous parameters on the

“yiscoelastic response of a cracked three-point bend specimen and Toad-

crack opening displacement curve, has indicated exactly simﬂ'ar effects
to those indicated in Figs. 20-23.
Previous results indicate the following: o
. 1- Loading rate, specimen dimensions,‘sﬁffness of the teslnng
machine, and test temperature have a considerable effect on
the apparent yiscoelastic response and measured strength of
ice, - .
2 - F‘or‘ relatively slow rates of loading the»appa'r‘ent strength
‘increases. and can be interpreted as an ;qulllhrium conditfon ...

+ between the rate of loading applied by the testing machine,

ar{q the deformation rate in the test specimen. As the rate
of Tloading reaches a certain critical value, the ice sample
will break before reaching bh(.s equilibrium condi tiun. giving
a real yalue to the ice strength: For 'rates of loading higher

than this critical value, ice strength should have a constant

\




76

value or show a little decr%as!. due to the impact effect,
as the rate of loading i;ucreaszs.‘ This agrees with the
available experimental data (Schwarz and Weeks, 1977) which

", indicate that ice strength has a maximum value at a strain

rate of about 1073 sec 1. This critical Toading rate
would be a function of the other parameters.

The coupled scale effect due to ice-structure interaction, °
has a considerable influence on the apparent behaviour of
ice.- For a larger giunin, |c'; will respond in a ductile -
1ike manner with Tower apparent strength. This agrees with
the reported field data which show_that ice cdvers will. __
have lower crushing strength for higher values of aspect
ratio. A
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5. PLANE STRAIN FRACTURE TOUGHNESS (Kl_c) OF FRESH WATER ICE

5.1 Scope
e

. . X . @
This chapter describes. a small-scale experimental program which.-has

been &evﬂoped in order to determine tl}e fracture mughﬁess of artific-
{ally grown fresh water ice. The .effect of rate of loading and test
wmperaiure. on the fracture toughness in tems of the critical value
of the stress intensity factor (K, c‘), has beenZinvestigated. The re-
sults show that values of K.lC decrease as rate of toading and test temp-

erdture increase.

5.2 Introduction’

Cracks and flaws in any material act as stress conceittfators which
Tead to a noticeable: decrease in the apparent strength of the material.
The classical tests' of material st{-ength properties. of unnutcher‘i speci~
are not able to give much insight into th.e effect of these cracks on

the overall strength of the material.

Fracture mechanics concepts provide powerful thn'lques to investi-

gate crack initiation ‘and growth problems and their effects on the total X

strength of a material. On a micr"osmctural']evel. cracks start pro-

pagating when the normal tensile load exceeds the atomic bonding force. - ° °

On a macrostructural Tlevel, crack growth starts when the stress state
at the crack tip exceéds a critical level. " This critical stress state
1s usually described in terms of a critical value of a stress intensity

factor. '

‘Griffith (1921, 1924) fomlated a fracture -criterion bised on the.




R ] ‘ . ? . ,
hypnthesis of strain energy release rate. - He proposed that cracks sturt
propngaﬂng when the strain energy release rate reachés or exceeds-a
critical value which equals ‘the energy required to form a new surface.
Experlments have shown {hnt Griffitﬁ‘s Criterion is very good for brit-

_'t’le materials. Hawzvev;.__iLse same experiments have shown that there is
a need for a modified criterion for ductile materials, Orowan (1950) and
Irwin (1948, 1960) have suggested, for ductile and viscous materials, that )
B th;~work available for crack propagation, should be equagéd to the sun of

the surface energy and the work associated wi th p1as{c and viscous flow,

b1 .
£- i"_'—&cﬁ‘- =62 (ot ) o () :
: P
where : B
= di<du G

W= wqu.done by external forces
du = change in strain energy '

6 =Strain energy refesse rate

dc = tncrement oft crack extf’ns( n (orig(nal length of crack
A . =)
Y = surface energy

p= work associated with the plastic and viscous flow.

The strain energy release rate of a cracked body can be alvays re-

Tated to_the stre;s intensity factor (Irwin, 1957) as follows:

for.plane §tress w ¥
B e w (s2)
for plane strain . “
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Only three preyious preliminary estimates of the fracture toughness.
of fresh wateree®ate available and one estimate of the fracture tough-
ness of sea water ice is available in literature,

601:1 (1963) formed themal” cracks andﬂlen' inea;ured the depth to
which these cracks prnpagx;ted »-and the tipe necessary f\or prup‘aéati on
after the blocks were brought togeﬂl.er._ He used a diffusion analysis tu
predict themally- induced stm_sses lnd_‘hence deduced a value. for the +

-fracture toughness of fresh water ice.

“Liy and Loop (1972) have‘used ; compact _tensﬂe specimen to determine

fracture toughness, and a wedge upe'ning spez:fmen to study- crack arrest in '

fresh water iv};T Thv.v studied the effect of Tate of; 'luading and test

"-temperature on the fracture toughne{s Their reSuItq shuw thatk in-
creases as test temperature and rate of loading decreases. Maﬁe results
are nesded in order. to investigate this trend and to help to undarstand
th1s property. fnr a wider range of tel\pemure cand sfrain rates,

Ina’ recent stidy, Gpodmm (1977) describes ‘the use of three and
four point bending specimens and the median crack forme})inn _concept tn

estimte fracture toughness of fresh-water ice..

3 <7 . o
Vaudrey (1977) reportedisome value¥ for the fracture toughness of sea

water fce. _ Four-point'bending specinens veré: uséd to study -the effect of.
" birine volume on fracture toughness. - Urabe et’ al (1980) have: recently: con-
* ducted an 1n-situ experimental program. to measure the fracture toughh=s§

of sea ice. The reader is also referred tn the work by Goodman (1980) Liu
i und Miller (1979), and Miller (1980)_,
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factor in the opening mode of failure (Kc). The three-point bending com-

pact specimen has been used, which has been proposed Jdn ASTM E-399 (1977),

in-order to determine the plane strain fracture toughness (K, ). .

5.3 Experimental Procedurt A ©
Fresh water ice was grw‘n in a commerctally available bold room.

This ice was practically, free of air bubbles due to the use uf boiled ‘

tap water. The ice’was always grown at -23.00°C in boxes measuring

*60.96 cm x 60. 96 -an x 60.96 cm. Ice blocks of 15-18 cm rMckness were woff

formed (n 4 to 5 days. A separate group of ice blacks was‘prepar’ed in
much the same manner except that the top surface of the watér was seeded
with natural snow or crushed ice using & 1.18 m x'1.18m screen: Ice
blocks prepared in this fashion has-a smaller ;Ver;ge grain size (mam

as compared to 12 mm). A
Specimens (22.86 cm.x 5. .08 cm x 2.54 cn) were cut from the blocks
by means of a Bandsaw. The samples were cut so that the dlre:tion of
grm;tp was berpehdicu]ar to the 22.86 cm x 2.54 cm face. F|g¢,24 Shows *
Uge configuration of the specimens rela'tive to the freezing boxes. A
Tayer approximately 6.0. cm-thick was a]way; removed from.the tdp of the
block in order ‘to make sure that. the specimens: do- not include part of
the initial layer made up of grains ha‘ving randomty oriented C-axes. «
6rain size was determined from thin sections cut from the ice b]ock?.
These sections were frozen-on a glass plate.and their thickness reduced
.to about l mm using a micmtorpe _machine. These final _thh; sections were
-then examined and photographed under polarized1ight.. Fig. 2\5 shows a
vertical and horizontal: cross sect“h:n tfurough one of the ice t‘ﬂocks.
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A bandsaw was used to cut'a notch into the specimens. This notch
v;as subsequently shar:pened Sy use,of a very thin blade. bThis ‘sharpening
préceks was useﬁ instead of using fatigue precracking ,as‘mentianed in
ASTM E-399 (15]7). the specimens were Teft at the test temperature éog‘
- 24 h6u|;s in order-to insure that thermal steady state was redched.
The specimans were Toaded by an Instron testing machine whose control
consdle was locat.ed _uuts1de :r_Le cold room. Trﬂ‘s ccnso]g was e‘qu‘lpped
with a plotter which suppned a record of the loading hfsmry. The mach-
: ine was capable of providing cross head speeds between 0 01 to 500 mm/min.
" A typical bend test fixture, which_is mentioned in ASTH E -399 (1977) Was

used and is shown in Fig. 26. -

. 54 Results and Diseussion - D R i ;

In order to have 'valid Tinear -plane-strain va'l ués for ch tmee con=

ditions should.be satisfied: ¥

e Tr;e"crack length and specimen thickness should be >25 (K]c/
ay)z, where 9y is the yield strength of fresh water ice. This
condition could not be checked accurately because of the fact

. that 9y for fresh water ice is not well known. Hovwever, 2. 54
Wi . om shuu'ld be adequate for bo\‘h the crack” Ieng\‘.h and specimen s :
L 1 thickness (L1u and Loop, 1972).
. >. 2. The 'luad-deflecﬂun curve should satisfy the ch‘teNon ment4
joned in ASTM E-399 (1977). A typ1ca'| load deflection curve % .
4 i ‘is shown in Fig. 27. TN

* The: fracture appearance of each specimen:should ir!dlcate a ‘\

5 % plane=strain mode of. failure. A typical fracture appearance
= 31 LA

of one of the specimens is shown in Fig. 28.
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The valie of ¥, for columnar-fresh water ice was deterinined at
temperatures 40, -32.00,-21.00 and ~4.00°C. At each tesperature
¢ cross head speeds .of 50, 5, 0.5, aid 0.1 m/min. were used. The values
of Ky were calculated using the following formula (ASTH, 1977).

PyS o < 3

= 3/2 - .

— N/mm . 5y (s3)

KTC B W P ) 0 |

where” & 2 )

o Ve2.9 072 - 45 R4 21,8872 - Ne #/2 - .
o+ 3R : T

R=a/w 0.45< 2 <0.55 . o e Ry

G ;

a's crack length, m . . )

.w = depth of specinén, mn |

B = thickness of specimén, mm : 2. @
S = span length, m d Ve
Pq = Toad of failure, N i 317 OB

Values of Kk, are tabulated in Table 2 and plotted in Fig. 29"for
four test temperatures and foir rates of loading. The data shows that -
these values first increase, as temperature decreases, dnd then de;:reasev‘ll

The data also shows that values of Ky fncrease (igher valwes of ;,‘u'
load of failure) as the rate of loading decreases. This reflects the
viscoelastic property of 1c=' ynde}tlw rates of ‘loldi’ng. The average
test du_rution 1 gabullrgd in Table 4 from which rate of change of the i
stress intensity factor can be calculated. !

Groups of specimens having average g‘run sizes of 12 m !nd‘B-mn

nere_'used to 1nvzstig“|ce the effect of grain size on the fracture tough+




ness of this material: Table 3 and Fig. 30'show values of fracture tough-*
ness versus ratg of loading for the two groups of specimens.
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TABLE "2: FRACTURE -TOUGHNESS OF CDLUMNAR FRESH NATER 920
: ICE, GRAIN SIZE =8 mm. J o

" Test Temp. Cross-head Ky, (max) i(1c (min) ke (aver.) Stand.dev. . 1
. . Speed | e : v
D mimin. e w2 him¥? il
4.0 0.1 . . 87 115 29 "
05 L9 . E © 69 17
: 5.0 82 el 55 14 e
e 50.0 . 45 29 36
21,0 % 0.1 159 115 139 18
i ‘0.5 139 ] 101 23
5.0 o ! 85 7
50.0 6 { 63
{ J
! 32,0 0.1 28 n i 158 "W 40
0.5 198 1250 149 27
R 5.0 132 %6 .| 177 10
G 50.0 %0 - 7 12
E ' 0.1 192 99 142 30
0.5 R I 142 ‘19
- 5.0 127 103 114 7 %
50.0 6 3 n
l‘ = = T
i

TABLE 3: - FRACTURE TOUGHNESS OF COLUMNAR FRESH WATER
- ICE, GRA!N SIZE

“Test Temp. Cross-head - Kie ‘(max) K1 (min) K] (aver.) .Standidev. -
: -Speed G <

P
¢ m/min. . ka2 e®? 0 ym3? /32
SL T T a0 a9 109 242 85
| S 0.5 30 164 222 7
| - 5.0 164 Ne . 142 i7 :
| . 50.0 m - s, 71 5 16
! B
2w 0 K 255 416 - 86 "
0.5 315 w2 190 54. ¥
5.0 158 7] 129 17
S 50.0 10g g 73 13
. i ; =
*  Ten Replicate Tests’ *¢ “Tyenty Replicate Tests

**' Five Replicate Tests '
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Fig. 28 Typical

Fracture Surface.
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Rate of loading

> QO x o

=70.1 mm/ min,
= 0.5 mm/ min.
= 5.0 mm/ min.
= 50.0 mm/ min.

Amraoo grain size * 8 mm

_ TEST TEMP °C

I
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40 -30 -20 [}

Fig.29! Emc' of nmpm:nuu and rate of loading M; freclun fnunhmu of
_ columnar fresh water ice.
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6.2 Introduction 5 °

_ the local crack front elastic stress field. Several concepts have been

NON-LINEAR ERACTURE TOUGHNESS OF FRESH-WATER ICE

.6.1 Scope

In ﬂﬁs chapter, the results of a small-scale experimental pmg‘rlm,‘
which has been developed to investigate the non-linear fracture tough-
néss of fresh-water ice, are reported. During the program, the effect

v‘of iaading rate, test temperature, specimen thickness, and sﬁun ‘éngth

have been investigated.

"The fracture of virtually all materials is preceeded by some plastic
yielding in’.the immediate vicinity of a crack front. The size and the -
effect of this plastic zone on the fracture process depends primarily on’.
the nature of the material, the stress conditions, and temperature at
the cncl tip. lt is current practice to assume that the principles of
lisear. . fracture mechanics are applicable when the cradk front plastic ‘¢ ¢
yiﬂq zone is ganAzmngh so lt_ can be viewed as a small perturbation to

developed in order to deal with the fracture yrohlms when the non-linear

material behaviour is sufficient to negate the use of 'Hneav"fﬂ‘ftﬁr!_‘—_“‘__

mechanics prlnciples Some of mes: cnm:epn ara' Irwin plastic zone

comctwn"d'— lntegra'l R - Curve Analysis and Crack Opening D‘Isplace-

ment. A N ' i
‘In the present work, the cracli opening d‘1sphceﬂent will be used as * "

a pirameter I'n evaluate me amnunt of ductﬂiw and/or viscoellst'h:ity




. 4 % i 102
developed in each ice test specimen. Thi‘s concept is explained in
a. report on Cragk Opening Displacement (COD) Testing, British
tandards Institution (1972). ’

6.3 Experiment &

F;esh-water ice was inﬂﬂc(aﬂy:gmwn in the laboratory ?nd then
the specii?ens were cut and prepared in the same way as explaw’nec; in
_Mamza and Muggeridge (1979).- (chapter 5). . )

Several mgthods were tfied. without success (due to the brittleness
and-the viscoelastic nature.of 1ce) ‘to measure the crack tip opening
displacement. Finally, a special strain gauge extensoneter develaped by
Instron which has a very Tow spring constant, wis e successfp11§. Due
to the difficulfy of attaching the gauge directly to the specimen, a
simple square ﬂ.‘ame wu; frozen onto the specimen to prevent any possibil-
ity of sliding and the gauge was attached to the frmé (Sge Fig. 31).

For each test specimen, the f11owing data have beer recorded: Specimen
thickness; specinen width, Toading s;}an Tength; test temperature; durat-
fon of the test; .Joad/displacenent. records erack Tength, distance.of the
clip gauge away from test specimen surface; and critical crack Dp_em’ng‘ :
displacement. : - e ’

" 6.4 -Results and Discussion

-~ . v &S
" In order to determine the degree of non-linearity eacﬁ)specimen has
exhibited, the crack tip opening displacement and the load -histories ¢
were combined in one curve. In general, the load/displacement curvé may

be one of.three types as shown in Fig, 32.
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"the point at'which an-amount of crack growth comenced. If such a
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(i) . In the case of a smooth continuous record in whith the applied
for,‘qe rises with increasing displacement up to the onset of unstable
fracture, and no prior crack extension has been detected (Fig. 32-i),

the critical displacement (VC) should be taken as the total value

« corresponding to maximum applied furie' (Pc) including both elastic

plastic components. If failure oceurs close to the linear range,
the Secant Offset Procedure should be appiied to test whether a

valid K measurement can he made.

(ii) In some}cases, the applied force/disp]acement curve shiows a
region of increasing displacement with falling or constant applied

force folldwed by a further region of rising applied force before

complete fracture (Fig. 32-1i]. When this is associated with ‘crack

extension, the c}n’tica] displacement shall be taken as the total
value (V_) corresponding to the applied force (P) at the first ine

stability or curve discontinuity.

(i11) Where the applied furce/disp'lacunent curve goes thmugﬁ a-mnxi-

mm point and increasing displacenent is observed with falling app-

Hed force, it can be assumed that stable crack- growth-is occurring
(Fig. 32-i11). The critical displacement required is that value at
nEthcd is not available the COD for.crack initiation cannot be meas=
ured for material comparison purposes, a :rack opening disp]acment
(Gm) calculated from the clip gauge displacement (\lm) at the f|rst

attainment of a maximum load can be used.,

Y

l§
i 5
|
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Dnring‘the presént experimental work, the load/displacement »@s al-
ways of the type (i). -« | !

Two methods have been proposed in a report, British s{an&nrds’
_institution (1972) to calculate the crifical ‘crack oper- )
ing displacenent (8.). The two methods assune deformation to occur by a
“hinge mechanisn ‘about a centre of rotation at a depth, of r(wi-a) below:-

the crack tip (See Fig. 33). The first nethod is based on a' theoretical -

approach and uses' the following equations:
P F B / ; ; -

! X 2
i 1- . .
VIR AR RN )

K 20, (1 - V2
" Gl oo L
g for VC_>_ w3 T

or | v2g

L. 0.5 (w-a) [J ¢ ]
CR Y TR oo, w1 - 3
|2

@ where: R ! B .
i v s a non-dimensionalized Tiiting value of elastic cl1p :
gauge di’sp]aceme‘pt o ey e
ay 15 the material yield strength :

E is the elastic modulus . - . BN

. v is Poisson's ratio : T o

The second l;lethad is derived from experimental calibration and

assuning the deformation to occur at.a depth of 1/3' (w = a).

«

R
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» S wrmTz 1)
In all the test specinens made of S2 ice, the load/displacenent

curve was of the type (i).1n"Figl 32, which has indicated that.the fra-

cture %lure was due to unstable crack propagation. 5

« In Figs. 34—36. the values of the ‘critical crack opening displace-
ment (v ) are plotted for ‘three cross-head speeds and three. test temper-.
atyré. The data shows' that the value of v mcreases as cross-| he;d s.peed
nr;d- test temperature d_e:reases. It can be noticed, also, that a\‘. Tow
test temperatures (e g. -31-67°C) the ice tends to respond in a brittle

manner .and has a1most constant. critiou] cruck opening disp]acement. Tﬁe

values for Ve are p'lntted in Fig. 37 fnr different test specimen thick-

% ne;s and span lev\gth. The data sh&ns that. Ve increases as t.he test
specimen thickiess increases and ‘span length increases.  This is due. to
-t;m fact that the effective app\iéd_stmss rate decmases.as the specimen
thickness and span length increase. - It was, also, observed that as the -
:§pec|men thickness inc;eases, the apﬁa}ént ductility Snd/or visco:e'las.ti\c-

ity ‘exhibited by the specimen increases.

(6.5 Conclusions s R 5 ey

The presgnt work-is Auniﬁ‘ue in the ‘ice mechanics Jiterature, as it

. investigates the possmﬂny af applymg non- ’Hnear fracture techniques

to ice. ‘The following cunclusians may be mad

1 The available nvn~11near fracture me:mn}{hs techniques have
been used to measure the ductile and/or Vviscoelastic fracture
. toughness.of ice.
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. Mamza, H. and Muggeridge, D.B., 1979,

The expertmental data obtained during the present work show
some sc;tter. This éan be explafned and predicted uslng the
numerical model developed in Chapter (4) togethar with
- ' probabilistic techniques to describe the expected scatter ',
and’randomness in the microstructure of ice under consideration.
The author belieyes that a small scatter in the vi;coehs’tic
material cﬁns){t/s of:{ce will cause mich more scatter {n the *
ubserved final viscoelastic response of Ice This is due to
tne nonlinear nature of .the constitutive equations representing
1ce under viscoelastic (nonlinear) conditfons.
1. The test specinen dimenstons have an mportant effect on the
; amount of ductility and/or viscoelasticity exhibited hy‘ice.
111, At very low temperature, ice wi)"l tend to ?‘ESFD;Id Jdn,a brittle
manner which indicates that K.“: “",be used to descv“.1 be t'he.
fracture” toughness. .
iv. As the loading rate decreases, the induced internal stresses
in fce will have had a cha‘nce_ to relax which will lead to

5 Targer values of §_.
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Fig. 3| The COD extensometer attached to the
square frame.
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7. PRIMARY INVESTIGATION INTQ-A COMPLETé FAILURE_CRITERION FOR ICE

7.1 ‘Scope S : . \ 5 )

In this chapter. the critical stored energy is proposed as ahi ade-

quate -failure criterion for ice. The small scale gxperimnfa'l results:

produced by the author and othersavailable in the Titeratire support

this proposed criterian. ' The criterion indicates that the critical

‘stored energy which ice can absorb decreases as the rate of Toading in
- .

creases and the temperature decreases. More experimental data is’needed’

to support and validate'the proposed criterdon, - - S o,
7.2 Introdicticn ) . oy By o e ok 7

Several yield theories are reported in the literature:

(1) Distortion Engray Theory,. Yon Mises Yield Condition - . .. i
The d\stomon energy theory" assunes. that: yle1d1ng hegms when
the dlsmrtmn energy equa]s the dlsmrtion energy at yield |n s1mp]e s
. tension. sus @

The yield condition is:

; R R N O e R A I L)

“where o, g,, and oy are the principal stresses aim'uy is the'yleld: .

stress in simple tenslon.
In the case of ice, Janes (1978) has ebseryed an fnitial - 1ncrense |n
strength as the ;hydrastane pressure increases‘ Hawever-after a _nyaximum

strength is reached, further increase in the hydrostatic pressure has

caused a monotonic decrease in the ice si:rength" ¢ B0 -




L (i) Max{mum Shear Stress Theory, Trescs Criterion

The maximuni shear stress theory assumes thqt yiehﬂng occurs when the
maximum shear stress reaches the va'Iue of the maximum Shear stress -+
occurring under sinple tensfon: !

The max'lmmﬁshear stress is given by hulf of the difference between
the maxmum and minimum prin¢ipal stresses.

In sinple tension the maximun shear a1/y1e1d is —a g neMng Wil

¥
. -occur if one of the ful]wmg conditions. is reached.

; oy < 05l =5

¥ : i
oor log =5l = 9y PP e Y F e ‘(99)
ceer oy e, s o

_This is the Tresca condition, which 1s in agreement with the assump-

tioﬁ that Hydmstat"c‘ pressure doe’s not'\:l'\flnence yie]dil{g:

(Hl) Maximum stress Theory, Johansen Criterion

This theuv:y ‘assumes that the yielding oceurs when ‘one: of the prin-
clpal stresses ber.mnes equa'l in absolute value ta the yleld stress in

simp'le tension, o, - o L4

This crlterlon estabHshes that y‘le‘ld‘nq will nccurwmen any one of
the following- three conditmﬂs is reache H

caymre, T e, (100)




(iy) Yield Criteria for Plate Bending

! In the previous section the yield criteria were written in a generdl

three dimensional farm.

For plate bending analysis the yield condition is ;mre'n:gnveMently'

written in ters of bending m‘oments. Assumng'thut the entiv:e thickness

of the plate is’ either fully e\ast(c or fully plastic and that the plate
is only loaded numa'(’ly to the midd'le plane, the y1e1d cond1cions may be

written as “foliows:

“n.? Syl i vz z;
P My - My My " -y .-M""oj 2o

M +M
XXy 4 (o )2 ) =
% ”4 (M )2 b 2y *n,, =0 For

2t
MM 4
= XX = /2 ¥
X F —zLﬂ (Mxx Myy) L M . fwz)
; 1 2 z e, i g B0 i E
o2 (M )% y«‘, 0 for My < W ® o
dohansen, - . O
MM T s ]
Sy el oy )2 2,1/2 E \
% + {4 (Mxx Myy[ + Mxy P Mp 0 \
B T B R 0 O
e 2 7 MMyl My Ml‘ -
e 2 1)
where M represents the fully plastic moment (H 2t s




7.3 Results and.[nscussion

n

. "'The Von Mises, the Tresca and Johansen Yield Criteria are represented
in Figures 38339 and 40 respectively.

Hawkes and Mellor (1972) have investigated the uniaxial tensile and
cotpressive strength of a Fine grained pelyérystalline ice. They have re- °
ported the relation betwegp the work done o;r the specimen to baysé fallure
and the applied strain rate (See Fig. 41). In a more recent work, Beltaos

(1977) has proposed that-the critical value A_:f strain energy Eg used as:a

. fatlure criterion for floating ice covers. The criterion®appeared to agree

With the field experiment in predicting the onset of failure and the final

failure of fresh-water and sea—watetj fce covers.

The expeNmental msu]ts produced by the author (Chapter 5) and other.
data avaﬂah]e in the hteratnre provide primary experimental support for

the foﬂmdng hypothesis (See Fig. 42):

1. Fanure can be exp]a{ned frnm the fractur mechanh:s point of
. Wiew as the’ generatlon of a minimum amount of new surfaces durmg
[ the crackmg process. wmch will require a :e\mn amount of

energy propnrﬁona_l to the speclflc surface enqu_y of Ice.
\

“#i. As the rate of loading decreases, the total ‘specific surface \
energy For-ice w11 increass die“to the {ncrease 1n the enérgy
 dissipated due to viscoelastic deformation. An increase in the
outside temperature will reduce vthe total specific surface

~energy for ice. This is due to the fact that at very low rates

“of ioading the amount of energy dIsvs!pated due . to ‘the' viscnelast!'c.

defomacion will bé nuch Iarger than the therwiodynamic spectﬂc

“surface energy by one or two “orders %{ magnitude.

;.(
4

i s




. u'lated for different test temperamres and cross-head speeds. From this

ns

iit, The author thinks that a‘ny anisotropy coumfnavg some effect
on-the critical energy of failure because-of th.e fact that the
failure surface could he,‘;ﬁeveloped in arLy direction where the
required specific surface energy is minimum.

iv. The critical energy of Faﬂigr? may depend on the mode of failure,

i.e. tension, compression, or bending.

V. The minimum_value for the critical energy. corresponds to the
. " energy which causes’ the failufe of ice under fnpact loading.
vie As’ the apphed mte of loading. decreases, the critical energy

becomes temperature mdependent an@maches a maximum cunstant

value. - ? @

ln Table 4 the dumﬂon of the test and the Toad' of faﬂure are tab-

tah]e we notice: Y .
. The duration of test increases as the croSs-head speed decreases

and fest temperature increases. § o B
. The Toad of faﬂure increases as' the cross- head speed decreases ¢

and test temperatire decreases. . o i

141" The Toad of failure reaches almu;t a constant value for all té;t

temperatures for.relatively small cross-head speed. .
The above infomation will indicate that the aiount of energy induced
mside the samp]es to cause faﬂum 1ncreases as test temperature and l:rnss-

head speed decrease, This critical energy wn]/be temperature independent

i for rﬂnt{vely very Tow cross-head speeds. This conclusion agrees with

tne data published by Hawkes ‘and Mellor (1972) (Sée. Fig. 41).




7.4

The snall-scale exprimental. resulfs produced’by the author apd
Hagkes and MelTor (1972) indicate that the critical energy criterion as
“deronstrated in Fig, 42, nay bé an adéquite failure criterion to predict
the failure of ice for a wide Fangs of rates of,lodding.. -

-
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. TABLE4  Loads of Failure and Duration of Test
CicP for Columar Fresh-Water Ice, Grain .
il Size = gmm.* ..
* + Test Temp Er_g‘ss—ﬂe:ﬂ Speed Toad of FaiTure est ﬁura;lnn
k &era) mm/min oowe N Sec
. 4.0 0.1 62.1 13.7
. 0.5. 37.26 144
£ 5.0 29.7 1.5
i 50.0 L 19.4 0.132
e 20 o1 75.06 93.1
g ; 9.5 54.50 16.8
. o 5.0, 5.9 1.% -
o . 50.0 34,02 0.12
i . : y
; -32.0 L0 85.32 91.5 ’
A ; 0.5 80.46 15.3
Lt h 5.0 63.18 1.3 g
50.0 § 38.88 . 0.2
-40.0 0.1 2 76.68 73.33
L 0.5 7668 12.6
- 5.0 61.56 1.12
. 50.0 39.42 0.12 .
- v
#Trie above test data is based on Table 2 on page 92 . -
.
¥ : »
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8. CLOSURE

The present research py:ofrum has been initiated witha g;a] to de-

velop computer models whi’ch can predict the time of safe operation %or

. a fie;Id operation on a floating ice cover, predict the ductile and/or
viscoelastic response and fanuv:e of:v!ce during small-scale experiment,
and calculate the generate'd forces™ during ‘Ice cover - offshore structure

interaction. In order to achieve these goals. the fn'leng experimental

and theoretical work s bien done? ‘ -

1. - A snﬂ{—sale experinental program has been initiated to study
) the Tinear and non-Tinear fracture taugh;nass of ice. The main objectives
of this program were to produce more data about the linear fracture tough-~.
ness of ice which should hopefully help to answer any questions which
have been questioned fy the mvestfgmrs, investigate the pnss'lbmty of
applying the non-linear fracture mecnarﬂcs techniques to' ice, prodice
primary data -and select adequate criterion which cnntm’ls the failure of
ice under rates of 'In.ming and temperature. ’ |

During this program the effect of cross-head speed test temperatun,
3 grain size, specimen thickness and span  Tength on the Tinear and non-
L 2 © Tinear fracture toughness Qf ice, have been investigated.
that ice has a Mghgr‘fracture toughness  for la;'!(e_r rates of lu'alﬂng and
s " test temperatures. Ituas observed, ‘also, thet the test specimen dimen-

! «gions have a very important effect on the.apparant non-1inear response

of ice.

e + A.careful annysis of the'colleécted data togeﬁner with the’ avai'l-

“The data shows

\ ' © - able 'Hterature, indicates that the absorbed enelrgy could be an adequate .




parameter -which controls the failure of ice.  The.critical stored energy

increases as the rate of loading decreases and temperature increases.

.- The maximum value of this critical stored energy will correspond to the

failure qf ice under constant‘loudlng condition, i.e., for creeping ice.
This‘ maximun value will be temperature independent. When enough data fs
available to support this criterion, it can be usmi. using the appropri-
ate computer model, to predict the failure of (c‘e in small-scale experi-
ments, determine the time of safe operation of a loaded floating ice
cover, and predict the failure of an ice cover moving against offshore
structures. )

2. ™ The finite elemznt method together with thick plate theory
has been used to dm\np a"creep bending model and the appmvr!ate §
software. The model can solve, using any creep law, the general creep
problem of a floating ice cuver under a general loading conf'lguraﬁnn
and generu] boundary cnndit{nns. The model has shown good ugreemznt with
available creep models and with the data collected during'a field load
bearing capacity test on a fresh-water ice cover. The model utilizes the
critical stored énergy, as'a failure criterion to predict the onset of -
fa'ﬂure, to |;red1ct the time of safe operation of any Toaded f'loa‘t!ng
ice’ cover. - ’

X 3. -Avery rec:‘nt’sna'lhsca'le experimental investigation by 'Slnhu

(1979) has ‘shown that the apparént viscoelastic response of ice depends on

the stiffness of the test machine together \’nith the test specimen dimen-

.
sions. ‘This has indicated the need for a theoretical model which can ex-

plain this ph-nomeﬁa and hopefully when ge}rera112ed will heh; in solving

some ice related problems. ~The ice is treated as homogen »: Isotropic
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and linearly yiscoelastic material under uniaxial constint cross-head

* speed loading. The model iaiﬂnen‘géherax/liled to multiaxial loading
using the finite element method together‘wjth the initial strain 'ai)p- !
roach. The numerical results obtained from the model for the uniaxial

" case, haye shown the same yiscoelastic response observed in previous

) experimental work. When there is enough experimental data to support
the critical stored enerdy as a failure criterion, it can be implemented
in_the computer model which will enable to predict the v’|scoelasti: re-
sponse. togather with the final failure of ice under ‘ifferent Toading
conditions.

General Conclusions
T ’ . :
" The following are the: general conclusions and findings of the pra-

sent work:

e .. A new creep -model has h‘eeu deVgluped wh'icﬁ represents a sim-
¥le arid accurate way to solve creep bending problens. The model util-
izes a fiow rule mﬁch has been ‘used before to generah‘ze’ the uniaxial
creep canst’ltu;ﬁe equation. Gt;ud agréement has been obtained between :
the new model an& dvailable numerical creep model as well as field d;tm

2. A sinple equation has been developed to predict the time of
safe'operation for any loaded ice cover. The formula utilizes the cr%—
tical strain energy as a failure criterion. Good agreement was observed
between the formula and available Field data. o

3. A numerical model has been developed w}n‘ch can predict the re- »

sponse of viscoelastic materials under different loading conditions. The

_ model proves that the material will show an-apparent y4éld stress when




the internal defomati‘on raté reaches’ the strain rate applied by the ',
testing machine. b : .
4. A small sca]e expermental prugram has been lnitlafed to in-
vesﬁgate and weasure the Hnear and non-linear fracture toughness of
_fresh water ice. It was Dhserved that the fracture toughness depends
on: Rate of 1oad1ng, test tunperature. grain size, and” test specimen
_dimensionis. ° : - 0 g
5. The strain rate déﬁendent critical strain energy ‘js‘.‘pmpnsed
-as an ahe‘quate failure criterion: for'ice and other vis.coﬂgst'c:maltgr'lals. s
o.The criterion- agrees with the available expe;rimentn data. _The author
believes ﬂmt more research is needzd to investiga:e and suppnrt ‘this

faﬂure cri terinn.




for Future Research

The author: feels that more research is needed in the following areas:

. 'a. Non-linear frature toughness of Fresh-water and ‘sea-water
ice: An auequate fracture toughriess ‘criterion should be established and
the effect of sam]e dimensions, tzq)eratum. ‘brine volune, loading rate,
grain size, and grain orientation should be 1nv=stigated
b.
layer ice cover. The model should allow for different creep constants
* for different Tayers which are made up of: different types of ice. This
will allow more accurate simu1taiian of the ice covers in-the’ fieid. |
c. ' Threg-dimenslonul soft;g/nre should be deveiubéd for the visco-
elastic response of a ﬁonting 1ce-cover or ice floes moving against
" another domain (which could he an of fshore structure or an artificial
driﬂing Tslind) The model sho«ld be able to predict stress, defor‘ition
~and interaction force histories for, sﬂff (fixed). and ilexihle structures. _
d. _Experimental and theoretical studies s)nujd be made of crack

initiation aid propagation process in fresh-water and sea-water ice: The .

appmariate crack mmmm and growth cr\terhn should be investigated-—

2]
- The fracture :Hterh nould be assessed on u|¢bas1s uf the. fn“'o-hn re-

qu( rements: -2 \

1.  The parameter must be a measure of the stress defomauon e
state in ‘the v151n1ty of the cra:k t\p, 5

2. The critical value of the parameter mist be 1ndapendant of

initial crack Tength and specimen geumetry. by g T

.3, The parameter, must ‘be employub'le dn 1nstabﬂity un§1yses.

The. present creep bending mode] should be extended for a multi-.~




g el T W ’ ‘
) . . o ‘
!

4. The parameter 'siiou\d be applicable to. three-dimensional crack g
geometries, for example an elliptic surface flaw. :
5.  The parameter should'be generplizable to mixed mode fractures,
=5 Ead i N;ough the crlti‘ca'l value wiTl depend on the relative ratio
of shear to-flat fracture. . -

The parameter should remain mnstmt during crack extensinu.
“ This is an attractive hnt not an essential feature: 'In an R- .
< curve approach the resisnmz p.mneher will increase with

S, crnck extension. : SRS PO ¢

. From the- cwmputationa'l .viewpoint, tha viabu parame'ter ' should possess
‘tha following additional propert(es‘ s :

7. The paralleur mist be relmvéﬁ nsensitive to'fifte elefent
mde'l(ng, to mesh size; pmms zone size, and Tuld/dup'lace-
-~ ment increment slze. s
8. mz parmeur should be computable within a nasonable cn-pu-
- tational cost.

, bt

an the experimental vie-point ma viahla parueur shnuld have an
ldditional featum. « ‘

9. The should be from. global :

remote from the crack, but if this is not possible it-must be B

: .obtai‘nl_ble from 10':;1 measurements near the crack tip. .
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. WEATHER & COMMENTS

No snow on ice
Light snow cover

Snow on.most of ice. Evidence of snow
freezing on top of ice sheet. .In spots
snow-ice layer 4 cm thick. .

Wet snow & windy
Pond mostly:clear of snow
Snow fluries

y clur & cold, pnnd patchy to c]aar

C'Iear & cold, pund mostly clear
Patches of snow

" Rain & milder "

Rain & milder

Clear & cold 5

Cold 7 :

Clear & cold - 1ight snow cover
Snow & wet snow :
Blowing snow. Put up fence posts
Fluries : ‘n
Clear & e
Snow

Clear

Clear & windy

Cledr & cold

Water with frozen crust on top stinn -

30 cm of water-at load.
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1 APPENDIX, (m)r'

Elastic Plute Bend'ng F‘In'te Fonnu'latlon

e And Input nm Instruct'lons for ﬂ\e Computer Prugrun p

st gt
-*adapted from “Finite. elemnt progn-ning
by E. muton and D.R.J.




* follows:

| ) ¢ 140
IT-a Elastic plate bend: gf‘finlte element formulation:
The finite element used in the present work speciﬂeQ an
independent variation of the lateral dilplacemant. () and two angles

“define the line originaily normal to the middle surface (0,8

The strain components in the cartesiar

n coordinates are defined as

where u, v, w are the dispiacements in the three:cartesian directions.
The corresponding stress components are defined as:'
"o} = 1 {e} 8
: L
where.[D] = [ip.) 0
0 msl . b
where D ‘and D_ are the flexural and shear elasticity matrix
respectively. ?
The, energy expression will have the ‘following form: ;-
Crhs T T o
[[f-8¢ oaxdydaz=[[f 6 ¢ Dedxdy dz,
s X ,
‘-1 0. -
= T3 3
=//&e1] Inf
0. 1, [

[ s Tax ay




where
4 .
The stiffness’matrix will have the following form; -
s ¥, -
"D Bdxdy =R
_where R 1s the load vector i

B is the strin matrix

The strain matrix associated with node r is B .

r an_
o, . -3 0 W
. B N A
B, = o 0, === oL -
~ v ]
5 . T
] Lo an,
| ¥ o -
3“,
. =
- R
. s an,
3y CL LN
fx of shape functions at node r

_where N_ is the matr:

m




Ir1-b - Flow Chart for thé computer program:

calculate the elastic| ',
stiffness matrix for
each element

solve the elastic
problem (initial condition)

calculate the initial
stresses and straim
at each integration-point

I

calculate the creep strain rate
d then creep strain increments

at each integration point

=

calculate the change in\the
stress and strain at each|

integration point and correct
for equilibrium condition




HI-c User's Manual:

CARD SET 1 PROBLEM CARD (15) -- One card

Cols. 1-5 NPROB. Total number of problems to be ;olved in one‘
run :
CARD SET 2 TITLE CARD (1246) -~ One card
Cols: *-72 TITLE Title of the problem -- limited o 72
N . u]phanumerl: chlrecters . I
"CARD SET 3.CONTROL CARD (1215) -~ One :lrd : 23
Cols. 1-5 ° NPOIN Tnu'l number of nndnl points % i 13
6-10 NELEDT . Total number of elements 3 7_ ‘
1N-15 NVEIC Total number of restrained boundary points s
: where one or more degrees of freedom are L
4 . restr;lngd
16-20  NCASE Total number of 'Iud cases to be analysed *
© 21-25 NTYPE Blank -" N
26-30 NNODE Number of nodes per element: (=8) A
31-35  NDOFN Number of degrees of freedom per node (=3)
3740 AT Total number of different materfals - E
41-45 NPROP Number of ‘{ndependent pruperms pér material
- (=) ) 2
4é-50 NGAUS Order ‘of |n!égrat1on'fomnla for numerical
1qtegrnt|6n (generally use 2)
51-55 NDIME Number of coordinate dlmen;ions (=2)"
56-60 NSTRE . Nu;ber of independent generalised stress ‘.
> components (=5)" ) 5




R SN -
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. 61-65 AK . Modulus of elastic foundation

L . 66-70 N : Power Exponent in the creep law

:77-75. CI *Creep constant in the creep law

CARD SEI 4 ELEHENT CARDS (1015) -- One card for each e]emento

; . , To Total of NELEM cards (see Card Set 3)

= % Cols, -1-5. NUMEL * Element number

3 P ©. 6=10 MATNO(MUMEL): Materi‘ﬁl property .number

’ <15 LNODS(NUMEI_..'I)‘ Tst.Nodal connection number
16-20 LNODS(NUMEL,2) 2nd Nodal connection number s Gl e

46-50 LNODS(NUMEL 8) 8th Nodal comniection number-

* Note: The nodal comnection mumbers mist -be 1{sted in an anticlockiise

sequence, starting fron any corner node; the elegent being viewed

from above the p'lane z =0, (See Fig. 3. 1)

CARD SET § NODE  CARDS (1t,2F10.5) -- Once card for each nodg whose 3 2 1

coordinates are to be input. & RO ey

Cols, 1-5° IPOIN ~ * Nodal point mumber = = * %~

6-15 COORD(IPOIN,1) x-coordinate of ods

16-25 COORD(lPOIN 2) y-coordinate of node . - i e Yl it

Notes 1) The coordinates of the fijghest numbered nade musl: be. |nput
regard‘l ess of whether- H 1s a midside node or‘not. .
z) The total number of cards in this set will generally differm .
from-NPOIN (see Card Set 3) since for element sides which are

et



_ Jinear it.1s only necessary to specify data for corner nodes;'
. intermediate nodel coordinates befng automatically fnterpolated:

trona straight line.

CARD.SET 6 RESTRAINED NODE CARDS (lX‘I4,ZX;311 .ZFID.G). =~ One card for each’

restrained node.

Total of NVFIX cards (see Card Set 3).

Co¥s.’ Zy-5 NOFIX(NFXX) Restrained node number.
8 IFPRE(IVFIX l) canditlon of restraint on nodal dlsp]acement,
. 0 No displacement restraint
: . {'I Nodal displacement restrained
e g IFPRE(IVFIX 2) Condition of restraint on nodal rotation,

{o No rotation restraint

1. Nodal rotation restrained

10, IFPRE(IVFIX,3) Copdition of restraint on nodal rotation, 6

" 1020
21-30
31-40

{o No rotation resfraint

1 Nodal rotation restrained

PRESC(IVFXX 1) The prescribed value of nodal displacement, w. '

PRESC(WFIX 2) The prescribed value of nnda'l rntatiu“ e
PRESC(IVFIX 3) The prescribed value of nudal rotation, €

CARD SET 7 ‘MATERIAL CARDS (I5,4F10.5) -- One card for each different - 2

material. ‘Total of NMATS cards (see Card Set3)

NUMAT

Cols. 1-5 * Materdial {dentification number
6-15 PROPS(NUMAT,1) E'list}is: modulus, E
16-25 PROPS(NUMAT, 2) Poisson's rém,‘ v
26-35' PROPS(NUMAT,3) Materdal thickness, t «
36-45. PROPS(NUMAT 4) Intensit\y of any uniformly distribut!d Toad

3
i
b
i
{




- ! X )
% i e CARD ‘SET 8 LOAD CASE TITLE CARD (1286) -~ One card o
§.07 Gls. 172 TOLE © . Title of the lgad case -+ Tinited to 72~
E o alphanuneric ‘characters . !
f ' . CARD ‘SET 9 LGAD CONTROL GARD (15) =- tne and : s i ]
g . Gols. 1-5  IPLOD Applied point Toad control Cparameter . i
£,

{o No appited nodal Toads. to be 1nput .

3 i
1 AppHed nodal loads to be |nput AT |

CARD SET 10 APPLIEB LOAD CARDS (lt 3F\0 3). -~ One card ~for ench haded T i 1
BRI potnt %

Cols " 1:5.- CLOPT © Ly Node number -

6:15 POINT(T) - Lond g’comgonen_t in the 2 ¢irection
15-25 POINT(Z) " Nodal ‘couple in the xz plane
26735. PBINT(S) ; " Nodal. coup]e in the yz plane

Notes 1) ‘The last card” sho\ﬂd be ‘that fo the highest_numbered node
whéther it is Toaded or rot . - .
2) 18\IpLOD =0 {n Card Set 9, omit this set. - 5

v Faen s St e T B o i S e s
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