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ABSTRACT

The results of small-scale and medium-scale indentation tests indicate that ductile and
brittle modes of ice crushing depend on the rate of indentation. A ductile-to-brittle transition
was found to be at an indentation speed between 0.3 and 3  mm s for edge indentation of a
sheet of sea ice, whereas a transition speed of 3.16 mm s has been reported for sphencal
indentors moving into an ice wall of a multi-year ridge. Based on experimental results with
compliant structures, each cycle of an intermittent crushing event is the result of ductile and
brittle crushing depending on the actual indentation rate of an indentor into an ice sheet.
Besides ductile-to-brittle transition speed, which is only applicable to rigid structures, there
are two transition speeds when the ice interaction with a compliant structure changes from
continuous ductile to intermittent crushing and from intermittent to continuous brittle
crushing. A model of non-simultaneous brittle crushing has been extended to derive an
expression for the aspect ratio (structure ,width to ice thickness) effect found during
indentation tests, and to estimate the ratio of local maximum to global maximum effective
pressure on structures. To relate the results of small-scale indentation tests to full-scale
situations, it has been suggested that the similarity principles of replica modeling be used, in
which the model is made of the same material as the prototype but scaled in size. To validate
replica modeling, the approach is to compare the effective pressure measured during small-
scale tests having high aspect ratio with full-scale measurements on Molikpaq for the same
indentation rate. The effective pressures during indentation into an ice wall are expected to be
different from those during edge indentation into an ice sheet because of different geometry
and confinement.

1. INTRODUCTION

In the past three decades, many investigators have conducted small-scale and medium-
scale indentation tests to understand the processes taking place during ice crushing and to
develop theoretical models for these processes. The effects of indentation speed on the mode
of crushing failure have been identified: creep deformation of ice at low speed, and
continuous brittle crushing at high speed (Sodhi et al. 1998). Creep deformation of ice leads to
simultaneous contact between an advancing ice sheet and a structure, whereas brittle crushing
results from fracture and brittle flaking of ice and leads to non-simultaneous or non-uniform
contact across the width of a structure. Besides these two modes of ice crushing, there are
three modes of ice interactions with compliant structures, depending on the ice speed and
structural stiffness: (a) creep deformation of ice at low speed with no structural vibration, (b)
intermittent crushing at intermediate speeds with considerable structural vibration, and (c)_
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1. INTRODUCTION

In the past three decades, many investigators have conducted small-scale and medium- |

scale indentation tests to understand the processes taking place during ice crushing and to
develop theoretical models for these processes. The effects of indentation speed on the mode
of crushing failure have been identified: creep deformation of ice at low speed, and
continuous brittle crushing at high speed (Sodhi et al. 1998). Creep deformation of ice leads to
simultaneous contact between an advancing ice sheet and a structure, whereas brittle crushing
results from fracture and brittle flaking of ice and leads to non-simultaneous or non-uniform
contact across the width of a structure. Besides these two modes of ice crushing, there are
three modes of ice interactions with compliant structures, depending on the ice speed and
structural stiffness: (a) creep deformation of ice at low speed with no structural vibration, (b)

intermittent crushing at intermediate speeds with considerable structural vibration, and (c)_




continuous brittle crushing at high speed with small vibrations (Sodhi 1991). Thus there are
two transition speeds in between the abr:)ve three mode< of ice mteractl@n with-a compliant
structu ; SN L ' .

In thls paper, I present a formulatlon to deduce the aspect ratio effect obbewed by many
investigators during indentation tests at high speeds, and discuss estimation of global load
from measurements of forces with instrumented panels over a small area of a structure. To "
relate the effective pressure during small-scale indentation tests, I refer to the data obtained
from instruments installed on the Molikpaq structure (Wright et al. 1986, Neth 1989, Wright.
and Timco 1994, Hardy et al. 1998). Though indentation into an ice wall deserves
considerable attention, I discuss this briefly to point out that the effective pressures measured
during these tests are expected to be different from those obtained from edge mdentatlon tests " .
becau sgiof d%[ferences in geometry and «;onﬁnunent SEUTHED GRSt SRS

2. INDENT ATION AGAI‘\IST THE EDGES OF ICE SHEETS ] ;&;k e
Under the prIlSOI'Shlp of Japan Oceav Industrlea Assomatzm medxum-seale 1rdentat1on o
tests have been conducted since 199& by pushing a segmented indentor against the edges of -~
sea-ice-at constant indentation spzeds in a harbor located' near:Abashiri; Hokkaido, Japan -
(Sodhi et al. 1998). In 1998, we instalied four tactile sensors:on the fade of the indentor 10
measure interfacial pressure during tests at three indentation speads (0.3;.3, 30 mms), while -
measuring forces in each of the 15 segments with load cells. We obtained data on:the actual :
contact ‘area and the relative magnitude of interfaciali pressurs. from the tactile sensors. The
main resuits of these tests: were that we observed a:‘line-like’:.contact,  similar to those i
- observed by Joensuu and Riska (1289); during high-speed (3 and 30.mm s7') indentation. tests; 51
and-a grddually enlarging contact area attributable to' creep: deformation:of ice during Jow-
speed (0.3:mm ™) indentation tssts:. During the: high:speed :tests; the ‘interfacial pressure i
within the line-like contact was high‘and non-uniform, and persistéd-at one:location for a short
time (100--130 ms). During the lowsspéed tests; the interfacial pressure was uniform and low,; -
but: the contact persisted 'at-all“times>and remained: simultaneous across: theswidth of the: |
indentor, resulting in .a higher force.in .comparison to those generated. during high-speed: ;-
indéntatior. These twe raodes of ice-crushing.are brittle flaking at high speed-and, ductile or o .
creep. Jeformation at low speed.Brittle flaking results from the rapidiincrease in:interacial. - ;
pressure’ because of elastic:dsformation and thesensuing:crack: nucleationand spropagation, ..
whereas creep deformation and stress relaxation prevent-the increaseiof interfacial pressure tc -
a level necessary to fracture ice. With an increase in indentation speed during interaction with
a rigid structure, the failure mode changes from creep deformation to brittle: flaking:at some' *
transition speed, which was between 0.3 and 3 mm s for the indentation tests in Japan. It is
possibie for the ductile-to-brittle transition:speed:to dependion ice temperature, because: the
ice properties are highly dependent-onhow close its temperature;isito the-melting point. .
“Theoretical treatment of créep imdentation inte theiedges:ofice sheets exists in the curren* tess
literature, and it should be possible! to. determine the ice force on a structure of any size -,
because the creep propertiesarelindependent: ofirscale: . (Ponter. ‘et al:  1983). -However, .,
theoretical -formulation: ofiithe’ brittle : crushing:'process: has-:begun: to-.emerge  through. .|
experimentation’ and - measuréments. -as - non-simultaneous - brittle - flaking:: The: results- of
indentation tests using segmentedrindentors (Sodhi 1998) showed that;the correlation between -
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forces measured in different segments decreased with an increase in indentation speed. ;_T_Ehisahs.s;;,
attributed- to the failure: modes of ice having simultaneous::contact across.the::width; of ;an:.
indentor at low indentation speed and non-31multaneous contact as a result of brittle crushlng1 g
at high indentation-speed.” i~ «v o a0 a0l e Lo sy s

In the; case of -a.compliant- structure the force resulting- from. 1ce—structure 1nteract1qn ’v
deforms the structure, and this-causes variable rates of indentation into an ice sheet. This rate :
is the. difference between. the ‘speed of. a :point::on.the ‘icersheet at some. distance; from: ;thee; o
structure’ ‘with' respect «té<’ a . fixed'datum - and- the . ratéii.of the structure’s: deflectiony or:;:
displacement :(Sodhi: 1991, 1995)..1f the indentation rate into ‘an.ice sheet falls below the';,
ductile-to-brittle-transition ' speed; ‘the ice undergoes- ductile: deformation, resulting. in the:,
buildup of the-interaction force. When the ice fails at some force level, the: structure moves -
forward into the ice at high speed while crushing the ice: aheadof -it :in brittle flaking.
Depending on the structural stiffness and damping, the structure may separate from the ice
edge while executing transient osciilations.:When. the: kinetic: energy: of -the strueture; IS
dissipated in brittle crushing of ice and the indentation rate is below the transition speed, .d, this
cycle starts again:with:the ductile'deformation of ice and.increase in.load on the structure. A
repeated sequence of these-events results in intermittent crishing: (Sodhi 1991). Intermittent .-
crushing has been simulated as a series .of processes alternating between !ductile:deformation - -
and brittle: ﬂaking (Sodhi' 1995). Experimental: verification;of ithis switching between ductile
and brittle modss of crushing during one cycle ofsintermittent gtushing is the main objective ..

- of recent ice-structure interaction tests:at CRREL. During theseitests,:I measure the-interfacial -,
~ contact area and relative magritude of ice pressure by installing:with tactile sensors at-the ice- -,
structure interface. Early:results. show that this.switching: of ice crushing modes does take -
place: I shall report the resulfs of these tests fully ina later publication.: Thus there-are two .,
transitior speeds during ice lateraction with compliant steuctures:: fromy; continuous du;ztile to
intermittent ductile-brittle crushing and from intermittent to continuons-brittle crushing.

‘During measurements of full-scale ice forces on Molikpaq] severe -vibrations were not
experienced during ice crushing events when the ice drift speed was more than 100 mm s
However, the ice moved in a stop-start manner and caused structural :vibrations when radaru,,,;
measurements indicated that the ice drift speed was between 10 and 50 mm s:;;'g(I—Iﬂrdy et-al
1998). This experience can be explained ‘according to the mades: of sice interaction. with g, ;
coraplialnt siructure. At higher speeds, the ice failed continuausly: in the brittle mede, causing -
sorie’ wb{au\ns whereas ics failed inthe intermitient crushing mode durmg mteractlom at.
IOeri pcﬂw and’ mus&:i SEVETE: vﬂwa WO ) s e g B moleensioh ouio g

2. 1 Aspect Ratm Effect oo ¥ :f-;. .

S s

On the ba31$ of msults of amall scale mdematwn test r\ffvr‘ ass jEA' et al; (1972) were - tbe
first to propose that there is a dependence of the effective pressure on the aspect ratio (defined. .,
as the ratio of structure width w tc'ice thickness #). Others have also Tound this.effect from the
results of théir small-scale tests. For ductile deformation, the indentation factoris the ratio of .
effective pressure to the yield stress of the material (Hiil 1950). Dependence of the indentation
factor on' the aspect .ratio 'during ductile failure is similar to!that during brittle :failure,, -
However, there is a need to understand the difference between these two-factors: I- prop’ose
that -we 'use an‘indentation:factor derived from.a plasticity analysisto estimate the effective




pressure measured during creep deformation of ice. On the other hand, the relative pressure
obtained empirically from indentation test results should be used to estimate the effective
pressure during brittle crushing failure of ice. In this paper, I shall restrict my discussion to
relative pressure at various aspect ratios during brittle crushing.

Line-like contact areas were observed during edge indentation of ice sheets at high speeds
(Joensuu and Riska 1989, Sodhi et al" '1998). Similarly, line-like contacts ‘were also observed
during medium-scale indentation tests at Hobson’s Choice Ice Island in 1990 via video
recordings through a transparent window in-the indentor (Frederking et al. 1990, Masterson et
al. 1993, Gagnon 1998). On the basis of these latter observations, Spencer and Masterson
(1993) proposed that the real contact area during edge indentation would have ‘a line-like
shape in the middle and diagonal lines near the ends of an indentor. However, the
experimental results do not support this assumption. After the Rational Evaluation of Ice
Forces on Structures (REIFS) Workshop held in Mombetsu, Japan, a group. of international
researchers visited the JOIA experimental site on 4 February 1999 and saw an 1ndentat10n test

with tactile sensors installed at the interface between the edge of an ice sheet and the mdentor o

The, data from the tactile sensors showed a line-like contact in the mrddle of the Jdce sheet,,* .
across the 1. S-m w1de indentor, but did not show dlagonal hnes near the ends Moreover the .
pressure within the line-like contact is not constant, as assumed by Spencer and Masterson
(1993), but highly variable with respect to time and position.

The aspect ratio effect can be obtained from non-simultaneous failure of ice in different
regions of an indentor, as proposed by Kry (1978) and Ashby et al. (1986). However, they did
not consider the correlation of ice forces generated in different points of an indentor. To
include the correlation of non-simultaneous forces, Dunwoody (1991) cons1dered the global
force to be given by il

g = ff (nde, o ;i M

where f(x, t) is the local force per unit width of the structure, x is the posmon of a point on the
structure,  is the time, and w is the width of the structure. The variation of local force across
the width depends on the number of contacts and the size of crushing zones. Under the
assumption that the ice failure process is uniformly same across the width of the structure, the
average local force per unit width g4, is independent of the position of a point on the

structure, implying the average global-force 4, = = E[g(1)] = wE[AD] = Wik,
Dunwoody (1991) proposed -a spatial “correlation function in terms of : a negative

exponential function: SRS

Ry 2 = 1) = (BLAOD? = oy exat- B, | @
where Ryy(x,x,) is the auto-covariance function of the local force f{7), x is the distance
between two points-at x, and x, on the structure, Oy is the standard deviation of the local force
A1), and L is a length parametgt in the above expression to express correlation of forces over a
distance and may be related to the size and density of crushing zones. Sodhi et al. (1998)
shows plots of correlation coefficient versus distance, from which an estimate of correlation L

can be made. _
The standard deviation of the global force (Dunwoody 1991, Sodhi 1998) is given by:
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The maximum global force on the structure is glven by F,}ﬂax ,ug(t) + 3°'g(t)> assummg .
normal distribution and probablhty of exceedance equal to 0: 0013 D1V1d1ng both 31des by wh
we get the maximum effective pressure. S e o
P = L Fa0 %0 Mo 3900 L, ’L*(l Sl @
wh  wh_ whh o\ w wl L

Dividing bothsides by Hgo/h, we get the following expression for the relative pressﬁre:‘:
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where for) ,uf(t) is the eoetﬁuent of variation of the- local Toad per unit width. Figure 1" shows
plots of the relative pressure vs. ‘aspect ratlo for three values of the coefﬁcreﬁt of va‘rlatron
(O'f(t)/yf(t) 20 l O andOb) and h/L~— 10 o SRR B
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Flgure 1. Plots of relatlve pressure Puax_ g aspect ratlo v
/uf(t)/ h .




22. ’C‘din”pariso'n' ‘(jf Snia‘ll-Scﬁle a'nd Full-Sézile’Data'

To relate the effectrve pressure measured’ durrng small-scale tests to full-scale situations,
Sodhi (1992, 1998) proposed su’mldrlty prmmples according to replica modeling (Baker et al.

1973) for brittle crushing durmg ‘edge indentation of ice sheets at high bpeeds As mentioned '~
earlier, brittle crushing took placé‘against the Molikpagq structure when the ice drift speed was
higher than 100 mm s'. Because much of the Molikpaq data is still proprietary, it is difficult

to relate the published data with respect to ice drift speed. Figure 2a shows plots of ice
effective pressure measured on Molikpaq vs. ice contact length for first-year ice having
thickness in the range of 0.5 and 1.5 m (Wright et al. 1986). Figure 2b shows plots of ice
effective pressure vs. ice thickness during crushing failure of first-year ice against the
Molikpaq structure at the Tarsuit :P-45:and Amauligak I-65 locations (Wright and Timco
1994). The ice pressure is high for small contact length, in comparison to that for longer
contact length, and is in the range*ofjvalues between 1 and 3 MPa.
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Figure 2. Molikpaq ice pressure measured at (a) Tarsuit P 45 (from Wri ght et al. 1986), and
(b) Tarsuit P-45 and Amauligak I-65 (from erght and Timco 1994)




Figure 3 shows plots of small-scale data on effectlve pressure obtained from indentation
tests in freshwater ice at speeds greater than 100 mm s™. Similar to the plots in Flgure 1, the
effective pressure remains constant for large aspect ratios (>8). The effective pressure for

large aspect ratio (\8) is in the range of 1.25 and 2.5 MPa which is vmthm the range of
effective pressures measured during crushing failure of ice against Mohkpaq In my opinion,

good agreement between these two sets of data validates the. similarity principles according
replica modeling. ; ,
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Figure 3. Plot of effective pressure vs. aspect ratio (CRREL tests conducted in 1991-92)
2.3 Ratio of Local Maximum to Global Maximum Effective Pressure

To estimate glebal load from measurement of local loads, q 5 can be used to estimate the
maximum gwobal effective pressure over the entire width of the structure, anc also the local
maximum etfectlve pressure over a small width d of a load measuring panel. Taking the ratio
of these twq expressions, we get the fqllow,l_ng expression for the ratio of lecal maximum to
global maximum effective pressure:

local
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DPmax o, Lth o w
o 1+3 j,(’f) ;\/Z‘f‘,?,,,l:*i'};,—;{l:-exp(—‘—};




26
24, -
24
2.0
1.8 4

1.6

1.4

12

Locai_-’co~gIo"bal—pressure‘{raﬁo

10 X : T

L s D P e 3 B Ot 0 S PSS A R B T A S S TR

1% 2 02 20 g0t 2o 00 2 10t 2 10?2 193_

Ratlo of correlatlon Iength to ice thlekpess /h)

Flg‘ure 4 Plots of local to-global ratro Vs ’L/h ror W/h—59 and d/h=2 47

and,th "Medof pan of 1 m (Hardy 'et al 1998) As shown in Prgure 4 :”j‘

the pressure_;yratlo‘ls clotse to 1 for very‘ j'large or very S

between these two extreme cases. The coefficient of varlatlon O'fm/ ey-of local force per.unit .
width also depends on the mode of ice crushing, because it is high in simultaneous ice failure,
and low for continuous ice crushing. Wright et al. (1986) bave estimated the face (global) and
group. (local) effectlve pressures (Flg 2a), and it appears | that thelr estlmatlon of the ratlo of
local to global effective pressure is. in agreement with the ratlos plotted m Flgure 4




3. INDENTATION INTO ICE WALLS

In 1984, a group of oil companies conducted indentation tests in a tunnel dug into a
grounded iceberg at Pond Inlet (Benoit et al. 1984). The same apparatus has been used for
indentation tests conducted in trenches made in multi-year ice. The crushed ice flows out in
all directions from the zone of interaction and experiences higher confinement than that found
in the case of ice sheet indentation; where the crushed ice flows up and down.

In 1984-85, 1989 and 1990, medium-scale indentation tests were conducted adjacent to
Byam Martin Island and at Hobson's Choice Ice Island by pushing spherical and flat indentors
into the walls of long trenches (50-65 m long, 2.5-3 m deep, and 3-3.5 m wide ) at constant
speeds ranging from 0.3 to 100 mm s (Frederking et al. 1990, Masterson et al. 1993, 1999,
Gagnon 1998). Besides measuring the total force and the displacement of the indentor, the
researchers measured local pressure by installing pressure transducers in the faces of the
spherical and flat indentors. Time-history plots of total force and displacement show typical
saw-tooth and step patterns, respectively, indicating intermittent crushing with the advance of
the indentor into the ice. Plots of pressures at different points on the indentor show a non-
uniform distribution of very -high and low pressures, indicating non-simultaneous ice
crushing. They measured pressure as high as 35 MPa over small areas of contact. Plots of
effective pressure vs: contact area show decreasing pressure-with increasing contact area.
They observed large-scale and small-scale flaking failure of ice. At low indentation rates,
creep and microfracture -occurred to some depth-in the ice..At high rates of indentation, they
observed a relatively thin layer of crushed and damaged ice, along with small areas of
undamaged ice in the central part of the contact area (Frederking et al. 1990, Gagnon 1998).

During the winter of.-1984-85, Masterson et al. (1999) conducted medium-scale
indentation tests in three trenches excavated in a thick multl—year ice floe located adjacent to
Byam Martin Island. They conducted 24 tests by pushing spherical or flat indentors into the
walls of three trenches at various speeds ranging from 0.1 to 100 mm s™. They observed that
the.ice. behavior was characterrstlc of plastic flow and ductile failure at indentation speeds
below 3. 16 mm 5™, and brlttle fallure ‘above this speed. Durmg tests conducted at the
transmon speed of 3. 16 mm s, they measured the highest pressure and observed mixed ice f .
behav10I of ductile and brittle fallures Further, they report that the mdentatlon speed had a
first order effect on the ice pressures ‘measured durmg the tests. T hey also _report that
srgmﬁcantly drfferent loads and pressures were measured denendrng on the mode of i 1ce
fallure——ductlle brlttle or a combination at the transrtlon speed "Ihey found the ettectrve fl
pressure | to be drrectIy reIated to nomlnat contact area. The pressure was hlghest at the center”
and decreased “with’ 1ncreasrng radlal distance. I'helr results from tests with flat and spnerlcal
mdentors 1nd1cate ‘that the effective pressure may strongly depend on ‘the degree of
conﬁnement oftered by the 1ndentor shape On the basis of thelr results ‘they recommend that
the eftecfs of 1ndentat10n speed be consrdered for estlmatlon ot ice forces ona structure IR
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4. PRESSURE‘-A‘REA CURVE ‘

“The pressures developed durlng 1ndentat10n into an 1ce wall are expected to be d1fferent i
from those during mdentatmn m’to the edges of a ﬂoatlng ice sheet because of drfferences in
geometry and confinement. For'a sphérical indéntor moving into an'ice ‘wall, it is poss1b1e that




the ratio of actual to nominal contact area decreases with an increase in nominal contact area,
“thereby leading to a decrease in effective pressure (Masterson and Frederking 1993). This
decreasrng trend-in the:pressure-vs. ~area plot for wall indentation should not be confused with
the issue of scaling results from one scale to another. If the effective pressure decreases with
an increase in the size of the cohtact ‘area, as proposed by’ Sanderson'(1988), the ‘efiective
pressuré measured - during 'small- scale ‘indentation tests shOuId ‘be much “higher than the
pressures'measured on full- scale structures. However,a comparison of the data from full- scale
_measurements and small-scale indentation tests shows that the effective pressures at’these two
crushing in ’both cases. The effective’ pressure depends on' thé' rate ‘of-irdentation, which
affects the mode of ‘ice crushrng The issue of scahng requlres mmﬂarrty ‘of geometry,
kinemigtics; and: dynamlcs of “thé processes “taking’ plaee “at- drfferen‘t ‘sealés. Agree’nent
between small-scale and full-scale’data indicates that there is no-size effect. Instéad, therc is-a
speed effect; leading to ductile and brittle crushlng of'ice at high and low effectlve pressure
respectwely Grinitan . ‘

5. SUMMARY A )

'The results of small- scalé ‘and” nredlum—scale mdentatron tests ‘indicate that ductlle and
brittle modes of ice cmshmcr depend on the rate of indentation.’ A transition in the mode of ice
behavior ‘was found to- be ‘at ‘an’ mdenta‘tron speed between - 0’3 and 3 mm s for edge’
indentation of a‘sheet 0f ‘$ea-ice. A “transition’ speed of 3.16' mm s *‘has ‘been teported for
spherical indentors moving into an ice wall.. Each cycle of an intermittent crushmg event
during ice interaction with a compliant stricture 1§ o - cornblnatron of duc’ule and britils: H
crushlng dependmg on* fhe 'actuai 1hdentatronv rate m‘to ian’ 1 lce “$heet! Thus there- are two
transitidn’ Sp’eeds in 'tHé" casé: of Waring ‘ice ‘inferaction With 4’ cofnphant stracture: (@) from
continuous ductile crushmg to 1nterm1ttent crushmg, and (b) from- 1ntermrttcnt crushrng 10
continuous brittle crushing: -~ =757 en UL IR BT VP

Many 1nvest1gators’ ernpmcally ‘found ‘effects of aspect ratlo on” the effectrve pressiire

“during small—scale indentation tésts for brittle crushing! Experlmental verlﬁcauon of the actual
contact area near the edge of an‘indentor reveal that the line-like contact is in-thé middie of an
ice'Sheet’ across the ‘width of an’ rndentor The aspect ratio ‘effect:has been -derived -assuming’: /
non—srrnulta?neous crushmg faildre of an‘ice sheet To"deduce global efféctive pressure ffom
medsuremeénts' of local pressure over & hidited area the cdnmderaudn of Hon=simultanéous'ice
crushing gives a ratio of local to global pressures in the range f 1o 3 for 1:m-thick ice sheet
crushing’ aga‘rnst a2. 27-m—w1de'{Med0f“ panel 1nstalled on- ‘the 59-m-w1de face of the Moukpaq
struc‘tme N L0 S R S T TR O R R G e ! / [DERCENY !

The' results of medrum scale'”rndentation into "an’ icewall “havé smﬂlarrtres ‘to: edge
1ndentat10n of an 'ice sheet iti’ terms ‘of 'the 'existence of line-like' contacts and a ductile-to--
brittlefransition speed. However, YMfe results front thesé tests' shotild niot be compared to'those
from edge indentation of an ice sheet because of different geemetry ‘and confinement for the
1ce—Structure (mteractron Therefore, ‘the ‘résults of decreasrngf effective’ pressure *with an
1ncreasmg icontact area may ‘be a'resultof the’ decreasrng area’of the' actual- contact area w1th
indentation distance because of brittle fracture, riot ascribable to size effect."




6. REFERENCES . SENEL L AR Lt P RN P NI AT LT

Afanasyev, V.P., Dolgopolov, Iu.V., and Shvashteyn, Z.I. ( 1972) Ice pressure on separate .
supporting - structure% in. the sea. Draft Translation 346 U. 8. Army Cold Regions. -
Research and Engineering Laboratory, Hanover, New Hampshlre k -

Ashby, M.F., Palmer, A.C., Trouless, M., Goodman, D.J., Howard M. W Hallam, S D
Murrell, s A.F., Jones, N., Sanderson, J.0., and Ponter ARS. (1086) Non-qlmultaneous L
failure and ice loads on structures.. In Proceedings. Oﬁqhnre T echnologv Conference L
Houston, Texas, p. 399—404. L

Baker, W.E., Westine, P.S. and Dodge FT (1972) Szmzlafzty Methodv in Frgmeermg.
Dynamics. Spartan Books, Hayden Book Company, Inc., Rochelle Park, New Jersey. .

Benoit et al. (1984) Medium-scale .iceberg. impact tests..Video tape shown at the Arcﬁ(‘
Offshors Technology Conference  Calgary, Alberta, Canada -~

Dunweody, A.B. (1991) Non—slmultaneous ice failure. A _report to, Amoco Productlonx;
Company, Tulsa, Oklahoma. I

Frederking, R.M.W., Jordaan, 1.J., and McCallum, J.S. (1990) Field tests of ice 1ndentat10n of
medium scale, Hobson's Ch01ce Ice Island, 1989. In Proceedings, 10th IAHR Symposium -
on Ice, Espoo, Finland, vol. 2, p. 931-944.

Gagnop, R.E. (1998) Analysis of visual data from medium scale indentation experiments at
Hobsen’s Choice Ice Island. Cold Regions Science and Technology, 28 45-58. e

Hardy, M.D., Jefferies, M.G.,; Rogers, B.T., and ergh’( B.D. (1998) DynaMA(‘ Moltkpaqf,:}f
ice loading expenence PERD/CH(‘ Report 14-62, . Klohn-Crvppen, Calgary, Alberfa L
Canada. e PR .

Hill, R ¢ 1950) T henry of P astvrzty I mversﬂy Presq Oxf‘orﬂ : ST

Joensuu, A., and Riska, K. (1989) Contact betwepn ice and sn'ucture (ﬂn me%‘ﬂ I ahoratorv._
of Naval Architecture and Marine Eﬁgmeermg, Helsini Umversny of Te hnr»'ogvm,,.,}
Espeo, F inland, Report M-v88 : » o

- Kry, P.R. (1978) A statistical predlctlon of effectlve ice crushmg strew on vwde stmcture In
Proceedings, 4th IAHR Symposium on Ice Problems, Lulea, Sweden, p. 33—47 o

Masterson, D.-M:, and: Frederking, . RM.W. (1993) Local contact pressures in shnc/lr‘f’ (md
structure/ice interaction. Cold Regions Sc‘zon« e and Technelogy, 3(4): 305-321. \

Masterson; D.M., Frederking, E.M:W., Jordaan, L.J., and Spencer, P.A. f 199’3\ Degcrmtmn of
,mul_tlfvear_ ice indertation tests at Hobsor’s Choice Ice slami 1900 In Prnreodzrps
-1 2th  International Confererce on Offshore Mechanics. am’ Arr!»r E ngmeermo /OAME)
Glasgow, Scotland, UK, vol. IV, p. 145--155. P

Masterson, D.M., Spencer, P.A., Nevel, D.E., and Nordgren RP ( 1999) Velocltv effec‘rs
from multi-year ice tests. Proceedmgs 18th International Offshore Mechanics and Arcuc
-Engineering Conference, St. John’s, Newfoundland, Canaca, ASME Publication, in press

Neth, V::(1989) Rubble formation along. the Molikpaqg at '"a" suit P-45 during 1984/85. A
-report, submitted.- bv Gulf Ca qaada, Resources Ltd. to Nauonal Reseomh (‘omacﬂ of C‘aﬂada
Vol. 1, CRREL Bib. #46-3592. . ‘ y

Ponter; A.R.S;: Palmer; A.C.. Goodman DJ Ashby, M F o 1 Jans A G and Hutchmson
JW. (1983) The:. force- exerfed by a.moving ice sheet. on .an. offshore structure. C’old
Regions Science and Technology, 8 109-118. .« . ta™ o 0 e




Sanderson, T.J.O. (1988) Ice Mechanics: Risks to Offshore Structures. Graham and Troutman,
London.

Sodhi, D.S. (1991) Ice-structure interaction during indentation tests. In Ice—Structure
Interaction: Proceedings of IUTAM-IAHR Symposium, edited by S. Jones et al. Springer-
Verlag, Berlin, p. 619-640.

Sodhi, D.S. (1992) Ice—structure interaction with segmented indentors. In Proceedings, 11th
IAHR Symposium on Ice 1992, Banff, Alberta, Canada, vol. 2, p. 909-929.

Sodhi, D.S. (1995) An ice-structure interaction model. In Mechanics of Geomaterial
Interfaces, edited by A.P.S. Selvadurai and M.J. Boulon. Elsevier Science B.V.,
Amsterdam, p 57-75. ‘

Sodhi, D.S. (1998) Non-simultaneous crushing during edge indentation of freshwater ice
sheets. Cold Regions Science and Technology, 27: 179-195.

Sodhi, D.S., Takeuchi, T., Nakazawa, N., Akagawa, S., and Saeki, S. (1998) Medium-scale
indentation tests on sea ice at various speeds. Cold Regions Science and Technology.
Spencer, P.A., and Masterson, D.M. (1993) A geometrical model for pressure aspect-ratio
effects in ice-structure interaction. In Proceedings, 12th International Conference on
Offshore Mechanics and Arctic Engineering (OMAE), Glasgow, Scotland, UK, vol. IV, p.

113-117.

Wright, B., Pikington, G.R., Woolner, K.S., and Wright, W.H. (1986) Winter ice interactions
with an arctic offshore structure. In Proceedings, 8th IAHR Symposium on Ice, Iowa City,
Iowa, vol. 11, p. 49-73.

Wright, B.D. and Timco, G.W. (1994) A review of ice forces and failure modes on the
Molikpaq. In Proceedings, 12th IAHR Symposium on Ice, Trondheim, Norway, vol. 2, p.
816-825.

7. ACKNOWLEDGMENT

The author is grateful to Exxon Production Research Company for funding part of this work.




	v2p887fcrappy_001.pdf
	v2p887crappy_001
	v2p887crappy_009

