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Abstract

To simplify fabrication and reduce costs of conical structures for arctic offshore development,

a multifaceted conical shape was proposed to replace the conventional smooth CODe. This raised

a number of concerns about the mechanisms for ice interaction with this multifaceted conical

structure (Mes) and the validity of analytical models whicb were developed for the smooth

conical structure (SCS).. A venical neck at the top of the MeS was proposed for a protorype and

industry bas desired a large siu for this neck. Le .• its diameter to be only slightly smaller than

water·line diameter. This raised another coocem; what was the effect of this vertical neck OD

ice loads?

To address these concerns. a university-industry joint program (NSERC file # 661­

119188) was initiated to carty OUt a series of test program. 1be program involved three series

of tests carried out in three Canadian test facilities (ESSO Resourtts Canada. Calgary; NRCC's

Institute for Mechanical Engineering, Ottawa; and NRCC's Institute for Marine Dynamics. St.

John's) with structural models al scales of 1:50 to 1:10 and at a cost about 1.3 million Canadian

dollars. The results of these teStS were presented in test repons published by each facility; while

presenting these test results DO detailed analysis was carried OUI to understaDd the icelstruemte

interaction in a comprehensive manner. TI)t data contained in these test reports have been used

in this study to understand in depth the various interaction scenarios possible between a multi­

year ice ridge and the MeS.
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1be direct analysis of the test data. presented in this study. covers answers to most of

the concerns raised by the offshore industry but is not limited to them. Besides the ice failure

mechanisms involved in the process of ice interaction with the MCS models. the paramelers

analyzed include neck size. sttUcturaJ orientation. ridge width. and the events that caused the

maximum ridge loads. In the analysis of the ice failure mce:banisms. three ridge failure patterns

are identified. Both ridge cracking and ridge segment ride up processes are recognized to be

events causing the maximum ridge loads. The i.nfluence of a number of factors on ice cracking

panem and ice loads exerted on the MCSs are considered in the data analysis.

To provide an insight into the interaction process and the ice failure mce:hanisms. a series

of numerical simulations are carried out using a commercial discrele element code (DECICE).

DEOCE is capable of realistically simulating the ice breaking processes accompanied by broken

ice pieces riding up on the structural surface. This overcomes the disadvantage of the

conventional Hnite element analysis in which the ride-up forces are to be approximately

computed under an unrealistic assumption that only one layer of ice rides up. The simulations

using DECICE show the broken ice pieces to be actively involved in the breaking process of

impinging ice. The effect of neck size on ridge and sheet ice loads is also studied using

DECICE.

An analytical model is developed which takes the panicular feature of the MCSs and

ridge length into account; this model should provide designers with a simple estimation of ridge

cracking loads. This analytical model is given in the form of a set of equations covering the
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initial crack: event and hinge crack event for both finite length ($bon) and infinite length (long)

ridges. Three loading conditiom for hinge cracks in an infmite ridge are considered in the

equations. The most conservative loading condition for the hinge cracks is chosen for shon

ridges to give a cooservative estimation of the maximum ridge loads. The equations for long

ridges are expressed in a general form whh differelll coefficienlS for various crack events and

loading conditions.

An extensive comparison of lhe experimental results given in this thesis, for level ice

fields, has been made wilh We analytical models mat were develped for prediction of level ice

loads on SCSs. 'The results show Nevel's analytical model for sheet ice load estimation to be

fairly valid for use in estimation of sheet ice loads on MCSs mough it was developed for smooth

cones. Ralston's model is also acceptable for MCSs if approprialC: parameters are chosen for

inputs to this model.

Of the various analytical models available for ridge load estimation, the model developed

in this thesis gives the best prediction (closest to the measured loads). As a second choice,

Wang's plasticity model which has been widely accepted for smoolh cones is also applicable to

the case of MeSs.
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Chapter 1 Introduction

1.1 Background of the Test Program

Up to lhc:early 1990's, many significant geological strueD.1reS in the Canadianfronticrarea5 have

been drilled and tested for oil and gas at a row cost of over IS billion Canadian doUars.

Discoveries have been significant as the oil reserves (including discovered and po[C:otial) in the

Grand Banks and Beaufort Sea areas alone are about 8 billion barrels (Croasdale, 1991).

However. Hibernia and Terra Nova are lhc: only froD!ier oil projects being or [0 be developed

to date. 1be high cost for safe exploration and production is the main reason for slow progress

with the frontier oil developments.

Conical shaped struCtl1tt$ can induce ice beDding failure and this mode will exert much

lower loads on the strue:ture compared to ice loads from a crushing failure mode. Therefore

conical shaped structures are preferred for arctic oil and gas exploration/production operations.

The conical structures designed till the 1990's have been of smoothly curved surfaces and bave

assumed steel coDStI'UCtion. The difficulties ellCOWllered in manufacauing a smOOth surface lead

to a higber cost of consauetion, consequently making the total cost of oil and gas development

projects h.igber. For ease of fabrication and savings in the cost of construction, Exxon

Production Research Company proposed the developmem of a multifaceted surface to

approximate t:be smooth surface (Weiss, 1988). This newly proposed configuration of the



SUUeture will be referred (0 as the muIrifaceted conical strucrun (MCS) in the rest of dlis thesis,

and tl1e conventional smoothly curved conical structure will be referred to as SCS.

Utilization of such a SUUCUlre raised several DeW concerns about ice load estimation. 'The

main concerns are described as foUows:

1. The mechagism of ice failure_The multifaceted surface may affect the ice failure process

aDd make the process quite different from that for a smoothly<WVed conical suueQlre

(SCS); beoce lbe ice loads on lbe multifaceted surface may be different.

2. The effect of ice interactiog with the vertical neck (refer to Figures 3.1 and 3.2).

Designers preferred the diameter of the verocal neck (() be only slightly smaller than die

water·line diameter (Weiss 1988) but were afnid a large neck could lead to a higher ice

load. The ice load formulae aDd procedures given in the design codes up to that time did

not account for ice interaction with a normal veroca1 neck. let alone this large neck.

3_ The "£hods or Pros;edures for estimation of ice loads on this type of MCSs. All the

existing formulae aB:1 procedures for ice load estimation in design codes have been

supponed by andIor based on tests with SCSs; hence it was questionable whether these

formulae and procedures could still be used for MCSs.

To stUdy the new featureS of ice interaction with a MCS and help understand the ice

failure mechanisms and develop proper ice load estimation formulae, a NSERC

University·lndustty coUaborative researcb program (NSERC fIle # 661·119/88) was initiated.

Ibis program. with a funding of 1.3 million Canadian doUan was carried out by Memorial



University of Newfoundland (MUN). FSSO Resources Canada Ltd. (ERC) (on behalf of

Imperial Oil Resources and its industry panners including Exxon Production Research and

Mobil Oil Ltd.). and National Researcb Council of Canada (NRCC). The program involved

lhree series of tests carried out in the three facilities: ERC's outdoor ice basin at Calgary and

the indoor ice tanks of NRCC's [mtiture for Marine Dynamics (IMD) at St. John's,

Newfoundland. and Institute for Mechanical Engineering (IME) in Onawa.

ERC's tests wete done during the wimer of 1988-1989 (to be referred to as Year One

Tests) and the wioterof 1989-1990 (to be referred to as Year Two Tests). respectively. The 1MB

and IMD tests were completed during the spring and the summer of 1992. respectively.

1.2 Background of This Study

Eacb of the test teams docwnented tlleir results in separate ~t reports (Metge and Weiss 1989.

Metge and Tucker 1990, Irani et al 1992. Lau et al 1993). These repons mainly recorded the

test conditions and the physical measurements for each individual tests. No theoretical analysis

was done during presentation of these test reports; tlle present researcb work: is the rlrSf.

comprehensive study carried out on the experimental results documented in these test: reports.

Since concerns 1 and 2 presented in the last section could not be answered without an

overall analysis of test results, sucb an analysis of these [est. results became vital and imporum.

Moreover widely used analytical models for ice load estimation. available earlier, were based



on test conducted with SCSs: hence concern 3 required an eXlensive evaluadon of the validity

of theses models for the newly proposed MCS. Considering the difference in me loading

cooditions between a SCS and a MCS. DeW analytical models accounting for the characleristic

interaction of ice ridge with MCSs were found to be desirable for estimating ice ridge loads on

MCSs. Another concern, Le.• lbe effect of neck size, could have been bener addressed if me

conditions of two leStS were kept the same except for strueturc's neck size. Unfonunalely, no

single pair of such tests could be found in all the test series. Therefore. a set of numerical

simulations with the same paramelers were undertaken for this purpose. Numerical simulations

were belpful in understanding the mechanism of ice failure (concern I). All studies carried out

to address these aspects and the conclusions obtained from these stUdies are presented in this

thesis. Except for the test results obtained from the test reports. aU the grapbical plots. analysis

and conclusions presented in this thesis were obtained as a pan of the investigation carried OUt

for this thesis work:.

1.3 Objectives

The principal objectives of the present study are to get an insight into the iceJMCS interaction

and to provide theoretical and ptaCtical ~Its for designers to consider in their struCtural design

or for researchers' further study. The study will focus on the concerns raised by industry. [t is

divided into the following taslcs:

I. Identification qf the relationship between the ice loads and me ice cAC!c.ing Process under

lest COnditions. The task will be fulftlled by thoroughly analyzing all the test data



including both the load records and the video records. A numerical analysis will also be

perfonned to assist in the completion of this task. This is expected to help in the further

understanding of ice-structure interaction and to aid in the development of theoretical

models for ice cracking load estimation.

2. A study of the effects of sUYetural parameters and orientations on the ice crack pattern

and lbe jce loads on the structure. These include oeck size (one of me factors of concern,

to industry). the relative orientation between a suuetuea1 facet face and sheet ice motion.

the ridge orientation. etc. This task. will be completed by means of analysis of the tests

and numerical simulation.

3. Development of a theogtjg' model for easy estimatioQ of ice ridge cracking loads on

i...MCS., Ibis is considered as a separate item because the ice ridge cracking load is the

most imponant consideration for structural designers and no analytical or semi-empirical

models are available for a MCS.

4. Evaluation of the suitability of exjsting analytjcal models for estimation of ice loads on

~. Due to the reasons described in Section 1.2. an evaluation of the validity of

existing SCS models fOl" a Mes became a necessity. Since the MCS bas [wo diameters

(inscribed and circumscribed) and a vertical neck which are not accounted for in these

existing analytical models. determination of which geometrical dimension(s) is (ace)

appropriate to be used as inputs to these existing models is another work that had be

done.



1.4 Organization of the Thesis

This thesis consists of eight chapters and its main coments can be divided into four partS. The

first part that foUows this inttoduction is a literature review given in Chapter 2. The review

focuses on che ridge teSts with SCSs that can be considered as a counterpan of the present tests.

Anodler area of literature reviewed is on typical analytical models developed earlier by adler

researchers.

The second pan is a single chapter. Chapter 3. which presents a summary of the tests

and their results. tbe materials given in this chapter provide a data base for the analysis in the

chapters that follow.

The third part consists of two chapters: Chapter 4 and Chapter S. 1be nest portion of

Chapter 4 summarizes the key scenarios of the ice-structure interaction process. which is

followed by an analysis of the effect of neck size and the structural orientation on the sheet ice

loads and. on the ridge ice loads. Chapter S presentS a series of numerical simulatioDS carried

out using a discrete element code. The simulation mainly focuses on the identiftcation of the

relationship between ice loads and ice cracking process. The effect of neck size is also analyzed

by the numerical studies presemed in Chapter 5. This part directly addresses concerns 1 and 2

or taSks 1 and 2 given earlier.

O!apters 6 and 7 contribute me founb part of litis thesis. Chapter 6 is dedicaled [0 the



presentation of lbe Dewly developed theoretical model for the estimation of ice ridge cracking

loads on MeSs. Irs verification using test data is given in Chapter 7. Chapter 7 also contains (he

examination of other earlier t:heoreticaJ models available. 1bese models were developed for

estimation of eilber ridge ice loads or sbeet ice loads on SCSs. This part is expected to address

coocem 3 or tasks 3 and 4 given earlier.

Finally, an additional but more important chapter, Chapter 8, is arranged to summarize

the coaclwions obtained and contributions made in me course of (his study and to give

recommendations for further srudies in this area.



Chapter 2 Literature Review

Before the present research program. there have been few theoretical andIor experimental studies

on MeS reported in the open literature. The literature that is reviewed in this chapter is part of

the large literature available on ice interaction with SCSs. In addition. this review will also covcr

some impona.nt developments and conclusions arrived from earlier research on ice interaction

wilhSCSs.

During the past two decades, many excellent review papers and reports (Chao 1992a &

1mb. Wessels and Kato 1989. Marcellus et aJ 1988. Sodhi 1987. Nessim et al1987. K.rankkaJ.a

and Maananen 1984. CroasdaJe 1975 & 1980, Cammaert and Muggeridge 1988) have been

published on ice-structure interaction. In these publications. the results and progress in the

studies of ice sheet loads on SCSs were extensively reviewed. However, the SCS and ice ridge

interaction have received lesser attention. Therefore. the emphasis in this chapter will be given

to review the studies of ridgeiSCS interaction.

2.1 Experimental Studies of Ice Ridge Forces

So far, only a few rest data for ice ridge forces exist in the open literature. In the following,

several typical model leSt programs are reviewed. A brief introduction to these test programs

will be followed by a summary of the test results which are organized into five subsections.



Lewis and Croasdale (1978) reported one of che earlier test programs on ridge-eone

interaction. 1be tests were conducted with a 45° conical suuctute model and saline ice ridges

at a test scale of about 1:50. Eleven ridges were successfully tested for strucrurelridge

interaction. The ridges were built from ice sheets and could be considered as pressure ridges or

layer ridges. The results have been used to support analytical models (Croasdale 1975 & 1980.

Kim. and Kotr'aS 1973).

Kamesaki and Yoshimura (1988) conducted a new series of tests with two cone models

at a scale of 1:100. The slope angles at waterline for chese (wo models were 45° and 40.7°,

respectively. The ratio of ridge keel depth and ice sheet lhickoess, ridge length. and ridge

orientation were changed to investigate their effects.

Abdelnour (1988) presented a summary of two extensive test programs. based on the

work: carried out by AbdeLnour and Teh (1976) and Edwards and Abdelnour (1977). A total of

sixty ridges were tested against a 45° cone with a waterline diameter of 0.61 meters. The ridges

and lhe surrouoding sheet ice were modeled using a synthetic material to simulate natural ice at

scales between 1:50 and 1:75. Besides the broadside and 45° skewed orientation, an end·on

orientation of the ridges (the ridge axis was parallel to its moving direction) was also tested.

Ridge length varied from 0.38 meters. to simulate very short ridges. [0 4.1 meters, to simulate

inflnite ridges. The experimental data from these tests have been used [0 develop and verify

analytical models (Wang 1984. Abdelnour 1988).
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2.1.1 Failure Process and Forces of Broadside Ridges

The cypical ridge Failure sequence observed and described by Lewis and Croasdale (1978) can

be presented in four steps as follows:

I. When the ridge is initially approaching the cone the ice sheet between the ridge and lhc:

cone breaks. The corresponding force is quite low (compared to the maximum force),

and is at the level of the ice sheet force.

2. As die ridge moves funber forwards. the cone encounters the underwater leading edge

of me ridge and begins lO lift tbe ridge slightly. causing an initial crack in the ridge.

usually at the center of the ridge. often referred to as initial crack or center crack; it bas

also been observed that the crack could extend through the ridge into the ice sheet. 1be

magnilUde of force increases sharply until the crack forms and then levels off. The

magnitude of the force at this instant may not be at its maximum but it is much higher

than the earlier peaks associated with the breaking of the tee sheet.

3. As che motion continues. the ice sheet is separated from me ridge by a tensile failure.

The ridge is now noticeably deflected upwards and the initial crack is widened and

extends further into me ice sheet. The magnitude of the force continues to increase but

has not ruched its maximum.

4. The ridge continues to be deflected upwards until a second crack (hinge crack:) occurs

at some distance away from the center crack. Then, the ridge and ice sheet fail

simultaneously, and the surrounding sheet ice which have been deflected considerably

upwards begins to settle back: into the water. The force is at its peak magniwde.
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The above failure sequence is typical only for relatively long and broadside ridges

surrounded by a moderately thick: ice sheet. In fact. the mode of ridge failure is depeodcOl 00

the type of interaction. ridge length, sheet thickness, and many other factors. Abdelnour (1988)

summarized four distinct failure processes observed for the broadside ridges of various lengths.

1. Complete separation of the ridge from the ice sheet followed by interaction of the

advancing ice cover with the ridge

2. Complete separation of the ridge from the ice sheet followed by a central crack in the

ridge and clearing of the ridge around the CODe.

3. Separation of the ridge from the ice sheet ahead of the ridge (side of ridge nearest to the

cone) and at the ridge ends followed by central crn:ldng of ridge and occasiooally by

hinge cracks.

4. Ridge failure at the center followed by hinge cracks. No apparent ridge/sheet separation;

either or both cads of ridges still fumly embedded in ice sheet.

The average ratio of hiDge crack force to initial crack force was 1.73 on average for

Lewis and CroasdaJc's tests (1978). This ratio for Abdelnour's results was estimated to be close

tal.

2.1.2 Effect oC Ridge Orientation on Failure Process and Peak Loads

Kamesaki and Yoshimura (1988) observed lbat the eod-on ridges were broken like a semi-infmite

beam loaded at the end. The broken beams. approximately the size of the ridge width. frequently
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piled up in front of the CODe.

Abdelnour (1988) reported two distinct failure processes observed for lhe interaction of

end-on ridges with a SCS.

Complete separation of me ridge from the ice sheet followed by interaction of the ridge

with the advancing ice sheet.

Separation of the ridge from the ice sheet at both sides with a sequential hinge failure.

The failure process for the 30" and 45° skewed ridges was observed [0 be similar to the

ones for broadside interaction scenario. However. after the oc:c:umncc of the center crack and.

hinge crack. the ridge could come in conlaCt with the cone once more and could produce another

hinge crack (Abdelnour 1988. KamesaJci and Yoshimura 1988). Kamesaki and Yoshimura's tests

also showed mat the «1' skewed ridges failed in a quite different way: the poninD of lbe ridge

beI:Ween its leading edge and me center crack was DOt broken. and the ponico between ilS

nailing edge and me center crack was completely cracked along the moving direction.

Abdelnour's (1988) results showed lhat tbe broadside orientation yielded an average load

that was at least twice as large as that for the eod-on orientation. However. K.amesaki and

Yoshimura's results (1988) indicated that the loads for these two orientations were roughly at

the same level.
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2.1.3 Effects of Sheet Thickness and Strength

on Failure Process and Peak Loads

Thickness of the ice sheet strongly affects the failure process, and bence the ice loads

(Abdelnouc. 1988). If the ice sbeet was sufficiently lb.i.n (compared to the ridge kccl depth), the

ridge teoded to rotate in its plane after a center crack: developed. [f the surrounding ice sheet was

sufficiently thick, a local bending failure or a circumferential crack was liJcely to occur in the

centre of me ridge because of the high confinement effect of the surrounding icc sheet (Kamesaki

aDd Yoshimura, 1988). Abdelnour (1988) pointed out that an increase in ice thickness by a factor

of two resulted in an increase in the force by at least two to four times for most cases of his

tests.

Another important effect of the ice sheet was to increase the global force through the

ride·up sceoario. Wang (1979) sum.ma.rized the peak forces of the ridges with and wimout ice

sbeet ride-up (the data were quoted from Edwards and Abdelnour's lCStS (1977». The results

showed that the sheet ice ride~up action increased the average vertical and horizontal peak forces

by 31 % and by 29%. respectively.

2.1.4 Ratio of Horizontal to Vertical Forces

The mean ratio of the borizontal to venica1 peak. forces for the 27 tested ridges, swnnwized by

Abdelnour (1988), was 1.18. The corresponding value for Lewis and Croasdale's tests was 1.66,



14

and for Kamesaki and Yoshimura's tests was 1.97. All these data were for 45" cones.

The r.il.tio of borizomal and vertical forces on a cone can be theoretically ex:pr-essed as

(Croa.s<We. 1975. 1980),

PIP "" SinCl+~COSCl
H V" COSU-lJosinu

(2.1)

where PH and Pvate the horizontal and vertical forces. respc:c:tively, a is the cone slope angle

from the borizomal, and Il is the ice/CODe surface friction coefficient.

While applying equation (2.1) to the above tesIS. one will find the ratio should vary from

1.15 to 1.56 as coefticicnr of friction IJ. varies from 0.1 to 0.2. It is obvious that K.am.esaki and

Yoshimura's teSts yield a ratio much higher than the one predicled by equation (2.1). The same

conclusion CQuid also be drawn from the results of other test programs. This difference could

be due to the fact that lhis fonnula is valid only for two-dimensional cases and also may be due

[0 the error in coefficient of friction measurement as pointed OUt by AbdeInour (1988).

2.1.5 Effect of Ridge Length on Peak Forces

Abdelnour (1988) used a dimensionless ridge length 2LIL~ (0 measure the effect of the ridge

length. where L is the balf ridge length, and Lc is the characteristic leoith of a ridge in water.

He concluded that a ridge with the dimensionless length between 1 and 1.5 exerted a higber

vertical force than a ridge with a dimensionless length below or above this range. These
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relatively short ridges may exhibit forces twice as high as an infinite ridge.

Kamesaki and Yoshimwa (1988) ploaed the peak.: forces against a ratio of 2U1:4:. where

Ht is ridge keel depth. The plot showed that the force increased with the increase of 2UHt until

2URk reached a value of 20; when 2Ul4. ratio increased beyond 20 (where the ridge might

be regarded as infinite) the peak force became almost a constant.

2.2 Analytical Models for Ridge Force Estimation

2.2.1 CroasdaJe Model and Abdelnour Model

Croasdale (l975 &. 1980) applied the lbeory of an beam on an elastic foundation. developed by

Hetenyi (1946), to estimate the maximum force of a ridge on a CODe. It was assumed that ice

ridge will crack wben the rensile stress at its outer fibre equals the ice flexunJ strength. The

formulae for venical forces were derived and given in the form:

(2.2)

where PI ~ and p~. are vertical forces for center and binge cn.cks. respectively; Zc and Zt. are the

distance from centroidal axis of the ridge to its top and bottom layers; C7r I and (1, ~ are ridge

flexural strength for top and bottom in tension, respectively; Lc; is characteristic length of the
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ridge and attached ice sheers and I is moment of iDenia of ridge cross section. The horizontal

forces can be calculated using Equation (2.1).

In this model. the ridge was assumed co be infini~. and the effect of the auached sheet

ice was not taken into consideration. Moreover. a concentraced load acting at the ridge/cone

contact point was assumed. that is. the effect of the load distribution along the contact edge was

not raken into account.

Abdelnour (1981, 1988) also applied Hetenyi's theory to the ridge/cone problem. His

expression of load formula including the effect of ridge length and attached sheet ice was

considered, is rewritten wilh the ootatiOlJS used in this thesis as foUaws:

(2.3)

where Frs and FHS are load functions for initial (cectal) and binge cracks, respectively, and they

can be expressed as

(2.4)
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where 2L represents full ridge length. Y is the location where the maximum moment occurs or

where ridge failure bappe~ and it can be obtaiDed by differentiating the moment equation and

equating it to zero. 'The beDding momem for a hinge crack can be written as follows:

For convenience. Equation (2.2) rogetber with Equation (2.3) will be referred to

as the CroasdaIe-Abdelnour model in this lhesis.

2.2.2 Kim and Kotras Model

Kim. and Kocras (1973) developed a sequentially straighlforward approach. also based on the

Lewis and Croasdale's observation and Hcrenyi's theory. lbe ridge and the su.rrounding ice

sheet were treated as an elastic beam. and plate on an elastic foundation. respectively. Their

approach used in determining the failure sequeoce can be sum.m.arized in seven steps. which was

later coded into a computer program by Semeniuk (1975). lbe first four stepS are for initial (or

cenrer) crack and the rest arc for analysis of the hinge cracks.
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1. After the ridge contacts the cone, the ridge's upwards deflection, Woo at the contact point

can be calculated for a given penetration distance X. For this Woo the ridge and sheet

deflection W(x,y) is approximately derermiJ:led using beam and plate theory.

2. Determine the vertical force required to lift the ice to the deflection W(x.y).

3. Check: both shear and bending stresses at the interface between the ridge and the attached

ice sheet to see if the ridge is separated from the sheet.

4. ChecIc to see if the center crack occurs. If the ice sheet was not separaled from the ridge.

the ridge/sheet combination was idealized as a beam with anacbed flanges. Compare the

stresses at the center of the ridge with ridge flexunl scrength to see if failure (center

crack) occurs. If no failure occurs, i.Jx:rease the penetration and repeat stepS 1 through

4 until the initial crade occurs.

5. As the ridge (and sheet. if it was DOt separaltd from the ridge) moves funher forwards.

update its deflection and the required forces.

6. Check: the separation at sbectlridge interface again. After the initial (or center) crack. the

sheet. if not separated from the ridge before the initial crack. could be detaChed from the

ridge just before hinge cracks.

7. Check the stress to see if the hinge cracks occur (similar to Step 4).

2.2.3 Ride-up Model

!be Croasdale-Abdelnour model and Kim and Kottas model are only (or infInite ridges which

do DOt account for the possible ride-up process. Winkler and. Nordgren (1986) developed a
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model for calculation of the ridge force during the ridc-up process with the assumption that the

ridge is free-floating within a surrounding ice floc.

TIle ride-up problem of a ridge was analyzed in twO steps. The ridge ftrst was modeled

as a rigid body undergoing lacge rotation and translation in irs cross-sectional plane. The forces

acting 00 the ridge consist of the force exerted by the cooe, buoyancy force, gravity load, and

a force ttaDSmitted from the ice floe behind. For each stage of the ride.-up process (Le. for a

cenain rotation angle of the ridge). the ridge force on the cone can be ca.lculared by solving the

equilibrium equation of the force system. Then the ridge was treated. as an elastic beam on the

cone. A maximum ridge force for flexunl failure can be determined at each stage of the ride-up

process. The maximwn force over the entire ride-up process gives the overall maximum ridge

force for a given ridge cross section.

The approach was also extended to include the effects of dynamics and local crushing

(Nordgren and Winkler 1989), and to probabilistic analysis (Winkler and Reece 1986).

2.2.4 Plasticity Method

All the above models are based on elasticity theory. and are likely (0 uoder~timate the actual

forces. To estimate an upper bound of ridge forces. Wang (1979 & 1984) developed a model

based on plasticity theQry.
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In this model. the ice ridge and ice sheet were assumed to be elastic-perfectly plastic and

resting on an elastic-perfectly plastic foundation. The ice sheet in front of the leading edge of

the ridge was assumed to be separated from the ridge before the ridge cracked. lben. the upper

bound theorem was appUed to this sbeeHidge~one system. Five components of lhe rale of

energy dissipation were considered. viz.• the rates of energy dissipation due to ice sheet and

ridge beDding, ice sheet and ridge weight (or buoyancy) and friction between the ridge and the

cone. Five types of admissible velocity fields were considered.. two of which were designed for

long ridges with center and hinge cracks. another two for sOOrt ridges with a center crack only,

and one for very short ridges without cnck at all. Eacb. of these five velocity fields gave an

upper bound for the ridge force. Among the five bounds. the smallest was selected as the

calculated value.

This model has been widely used in ridge force estimation and analysis (Schreiber ~l at

(989). Nevel (1991) simplified the force equation for the long ridge type I velocity field which

is the most likely breaking pattern for long ridges.

2.2.5 Comparison of Models and Discussions

Comparison of these analytical models with experimental data has been carried out by many

researchers (Wang 1979, MacceUus et al 1988. KamesaJd and Yoshimura 1988. and Chao

1mb. etc). The latest and the most extensive ODe was dODe by Chao (1mb). These

comparisons share a common conclusion: the elasticity ~thods generally unduestimalt! the
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