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ABSTRACT

Ihisrepomtptesentsamthanatitnlprocedretocalmlatevertical
hingecradcloadmadommrdhreakirgcmicalstxucun-ewhenit
encounters a milti-year pressure ridges frozen into a level ice field.

'Ihepmposeistoproviderealisticamlyticalestimatafor
omparismwitheq:erimentaldataobtaj:ndinapreviwsmdeltastin
whidxa:bstantialdifferaneinmdanimlpmupertiesafﬂleridgesarﬂﬂn
swrrounding ice sheet was encountered.

'Ihemdelisbasedmﬂetmyi'stlmryofanelasticheamonan
elastic foundation. The difference in mechanical properties of the ridges
arﬂthesmnﬂjrgicesheetwasirnoxporatedintotheanalysisby
treating the ridge/ice system as a composite beam.

Inadditimtop:esenthx;themtlmaticalpmcedm:e, the results of
theprevimstestpmgramarecmpaxed_withmeamlyticalestjmatesasa
means of validating the procedure.

A method to calculate the non-dimensional force and the non—
dimemioralwid&utilizingthemdelisalsodevelopai. Good agreement is
found between the model predictions and the measurements.
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1.0 INTRODUCTION

- Inarecentmodeltest(tau,lQQO)caﬂxctadbjmmmmitedwitha
45degmecmicalstmx:bneinmlti-yearpmessureridgesfmze1intoa
- levelloefleld,a;helmermmvdudlﬂmeammnﬂugicesheetactmgas

terﬁedtoslmdmmthecradcdevelopnenta:ﬂincmasedtheloadj:g
capacity of the ridge substantially. This phenamenon is not satisfactorily
explained by existing analytical models.

Inthepresentshﬂy,anatlnlaticalpmcemreisdevelopedto
calculate the ice ridge failure forces associated with the formation of the
thgecrad(mwhlditheremforcanexmlﬂlermoccurs The purpose is
to provide realistic analytical estimates for camparison with experimental
data&tai:niinthefore—wrtimedtestprogram.

- Inthisrepart,thematheuatimlmdelisdescribedinSectimz. In
Sectimaﬂ'xeacazacyofﬂxemdelisaésessedbycmparﬁgﬂleamlytical
estimates with the test data. Conclusions are contained in Section 4.
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2.0 MODEL DESCRIPTION

Previous model tests on ridge/cone interactions showed that many modes
of failure are possible depending on the geametric and material properties
of the ice and cone. The presence of the ice sheet further complicates the
problem.

If the ridge-ice sheet interface is strong and the ridge flesxral
strength is low, the hinge crack may occur before the ridge and ice sheet
separate. In such situations, the attached ice sheet essentially acts as
tensile reinforcement to the ridge beam.

The present procedure only deals with the behaviour of a sheet ice
reinforced ridge beam under bending. Only hinge crack failure is described
although the procedure can be modified to include center crack failure.

When a vertical concentrated load acting on the tip of a semi-infinite
floating cantilever ridge beam is gradually increased from zero to that
magnitude which will cause the beam to fail, a hinge crack appears
approximately at a distance,

m
d=—"1R (1)
4

from the point of loading,wlm'elnisﬂled)aracteristiclengthofﬂre
ridge beam.

Several different stages of behaviour can be clearly distinguished at
the hinge crack location. At low loads, as long as the maximm tension
stress in the ridge is smaller than the flexural strength, the entire ridge

2

NORDCO L[M]TED'/




is effective in resisting stress. In addition, the attached ice sheet,
deformuqﬂwsanemmtastheadjacartridge is also subjected to
tension stress.

Wmtheloadisflmtherin:mased,ﬂ)etmsimstrmgthofﬂreridge
ice is soon reached, axﬂattlusstagetemlmc::adcsdevelop The
d15tr1h1t1mofstressesmthendgea1ﬂthemestnetoverthedepﬂ10f
thesectlmlsshcwanlgurel If the failure strain of the sheet ice
wa:bstantmllygxeaterﬂlanﬂ)efailmstrainofﬁ)eridgebeam;me
crackwillbecafinedtometapsurfaceoftheridgebeamﬂﬂnxt
penetrating into the ice sheet. As the loading increases the crack
penetzatsdcmmrdtmrdﬂ:elevelofﬂmemtralplme,midzinumn
shifts dowrward with progressive cracking, with the redistribution of
tensile stress to the ice sheet. This tends to slow down the crack
develq:ment,ﬂmsalladmanmberofhirqecradcstodevelq:adjaoatto
the first hinge crack.

Eventually, the load carrying capacity of the ridge beam is reached.
Failure can be initiated either by tensile failure of the ice sheet at the
topsurfacecrbycn&irqoftherick;eatthebottmsnmface. The
con'espaﬂjngstressdistrih:timsaregivminﬁgm 2.

If crushing of ridge occaurs, higher failure load may result due to
plastic deformation of the crushed area of the ridge.

2.2 Apalytical Model

The theory adopted in this study to calculate the forces experienced
atthevarianstagesofhj:gecradcfmmatimisbasedmﬂetmyi'sttwy
of an elastic beam on an elastic foundation (Hetenyi, 1946). The
diffminmednni@alptq:ertiesoftheridgemﬂtheswmﬂmgice
shaetishmporatedhrtotreprooedmebytreatjmﬂnridge/icesystan
as a camposite beam.
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The attached icesheetaffecmtheloadingoftlnridgebemninz
major ways:

1. Itmdifiesthedeflectimamveoftheridgebyi:meashgﬂ)e
spring stiffness of the foundation.

2. Iteffectivelyactswiththeridgebeamardmimtestoits
strengthinbenijn;ﬂnux;hthehnreaseofitssectimmmms.

2.2.1 Effect of Ice sheet Spring Stiffness

Astheridqeslidesdmnthemsurface,thelevelioestleet
ccrmectadtotherid;eisforcedtofollwthedeﬂectimoftheridge
beam. ‘meextraloadneoessa:ytodeflecttheicehasﬂ)eeffectofmaldng
the fourndation "appear" tobestifferthaniftherid;ewereoaisideredby
itself.

Ihestiffenirgeffectofﬂleioesheetmtheridpdeﬂectimcanbe
detemi:ndbytreatjn;ﬂueicesheetasaseriesofinfﬁﬂtesimalbeam
with the imposed conditions that the deflection of the ice sheet at the
jmx:timwiththerid;ebee;ualtothedeﬂectimoftheridgeaxﬂthat
theslopeinthedirectimperperﬁimlartotheridgebezero. (See Figure
3.) The additional farce needed to deflect the ice sheet during ridge
deflection may then be treated as additional spring force equally
distrihrbedalmgﬂleed;eoftheridgebeammidlincreasesﬂlefanﬂatim
modulus by

2 (2)%3 pg 1.
Thus, the effect of icesheetspm-ingstiffresscanbeaoca.mtedforby

replacing the foundation modulus, k = Py¥Wr, v an adjusted foundation
mocdulus

k* =pg (W +2 (2)0-5 1) (2)
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where Wp = width of ridge at waterline
1 =d1aracteristiclen;ﬂmoficesheetasgivenby

Fsh3
— 1g = ( y1/4 (3)
12 1-v?) pg

Eg = elastic modulus of ice sheet
v = Poisson's ratio far ice
- h = ice sheet thickness

- The derivation of HEquation 2 is given by Hysing and Bach-Gansmo
(1981).

2.2.2 Effective Flange

- Duetoshearsuajnintheplamoftheicesheet,lagitﬂiml
bending stress is not constant across the ice sheet. The intensity of the

- a:trenefitmetasilestress,midmismximmmtheridgebeam,
dem'easesnarlj:aarlyasthedistamefrmﬂrebeamﬁnreasesasstmnin
Figure 4.

Far practical purposes, the concept of an effective flange width,
- begs, is used to simplify the more complex lateral distribution effect for
an infinitely wide ice sheet. The effective width of each flange is

(2)0-5 1

- begf = ———— (4)
(1 -v?)

- In deriving this effective width, the objective is to select an

equivalentmifctmstress,mimisasamadtoactweraredtnedwidth,

- bers, which produces the same resultant farce in the ice sheet as the

actual stress, midlvariesoverﬂ:efullwidthoftheioesheet.
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'mettmzyinvolvadinthedetermjnatimoftheeffectivewidmis
kriefly discussed by Wang and Salmon (1973).

2.2.3

‘meloadmusinghixgecradcofaninfiniteelastichemnmanelastic
foundation can be estimated by the following simple beam formilae:

%gov IR

Py = 6.2 (5)

Y 1g
where

By = vertical load causing hinge crack

Ig = moment of inertia of pressure ridge with aor without ice sheet
attached .

Y ==distarnetocuterfihreatwhid1failureocums, fram neutral
axis

1g = characteristic length of the ridge

4 g Iy
g = (——— )1/4 (6)
k*

En = elastic modulus of ridge
Ogov = flexural strength or oogressive strength of the ridge,
depending on the stress distribution at failure

misequatimmldsfcrahmngem:sbeamﬂmacasta:mvalueof
elastic modulus applies across a section. However, it camnot be used
djrectlytosolvethecaqaositebemnproblanasinﬂlepmsmtcasemen
the elastic modulus, Eg, of the ice sheet is significantly different from
the elastic modulus, Eg, of the ridge.
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To camplicate the problem, the stress distribution (thus the failure
load) associated with failure depends on the failure strengths of both the
- ice sheet and the ridge.

- 2.2.4 Iransfarmed Section Method

'Ibanalysethistypeofbeamﬂmeccupositesectimis transformed
into a single material. This transfarmed area concept makes it possible to
replaceacmpositenmba'wimanequivalatmofrnmgemmselastic
- material to which the basic strength of materials relationshipe apply.

In the present analysis the effective flange of ice sheet calculated
usirgequatim4aretransformedintoanequival¢mt area, nAg, of ridge ice
locatedatttnlevelofﬂxeicesheetmereasistheorigimlcross-
sectionalareaoftheiceflange.nismlledmodtﬂarratiodefmedas

n=— (7)

whereEsandFRaretheelasticmcmifortheshaetardridgeice
respectively. The original and the transfarmed sections are shown in
Figare 5. The eguivalent flexural strength of the ice sheet in the
- transfarmed section is equal to og/n.

dneﬂ:etransfomadsectimhasbmobtamed,theamlysisof
bmdjngproceedsasﬂnxghﬂ)ebemnwerecmposedofrmogmemsridgeice
arﬂthesiuplebeamequatimScanthenbeappliedtoﬂaetxarsfcrmed
section.

- 2.2.5 Di i ion at Fajl

Figurelshowsthecross—sectimarﬂstressdistrihxtimatthemset
of the hinge crack. In the model test the failure strain of the sheet jice
, defined as gg/Fg, was typically 3 times greater than the failure strain,

7
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Op/En, of the ridge beam, thus, thecrad{wascmfina:ltothetcpsm-faoe
ofﬂmeridqebemnwiﬂxutpenetratirqintotheicestnetmﬂthefailmis
- determinedbythetmsilestren;&atthetzpfitreoftheridge.

-— FigmeZshowstheanss-secticnsardstressdistritntiasatthe
campletion of the hinge crack. At this time, the top of the ridge has
already failed due to tension. The final failure will then be determined
by either the equivalent sheet ice strength, o¢/n, ar the compressive ridge
ice strength, Oc, vwhichever is exceeded first.

Afterthestressdistrimtimatvarimsstagesofthehirgecmck
- developnawis]umn,thecunmpaﬁj:gmrtofinertiaIRa:ﬂﬂme
distance y associated with the failure of the transfarmed section can be
calculated and equation 5 can then be applied directly.

2.3

'mepmnoe:hmeformlmlatirqloadirgatvariasstagesofmehirge
— crack development is given as follow:

STEP 1 Calculate the adjusted foundation mochilus,

k* = pg Wy + 2 (2)0-5 1) (2)
where
Ech3
_ g = ( )1/4 (3)
12 (1-v3) pg
- STEP 2  Calculate effective flange,
: bagf = (4)
1-v3)
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STEP 3

STEP 4

STEP 5

STEP 6

of the surrounding ice sheet.

Calculate the modulus ratio,

Eg

n =—— (7)

Ep

ardtransformﬂmeeffectiveflangesoftlnicesheetintoan
equivalent area, nAg, of the ridge ice to ocbtained the
transfarmed section as shown in Figure 5. The equivalent
flexaral strength of icemeetequalstoaf/n.

Calculate the moment of inertia, I, of the transformed section.
anentsofinertiaabwttlnmtralaxisofﬂ:eiza:sfmm&i
section can be found using the parallel axis thecrem.

Calculate the characteristic length, 1p,

4 Fp Ip
Ig=(—— )1/4 (6)
k*
of the camposite ridge beam.

Ioad at the onset of hinge crack:
Asmnnin;thestressdisl:rihrtimasﬂmninﬁgtmel, calculate
the distance, y,franthenaxtralaxisamthemnentofinartia,
I, of the uncracked section.

The neutral axis of this transformed section is at its centroid.
Simple beam formulae:

%gov IR
Py=6.2 —— — (5)
Y 1p

NORDCO l,IMiTED*j




can then be applied with Ogov = OF-

STEP 7 Load at the campletion of hinge crack:
To compute the failure load of the cracked beam, the procedure
described in step 6 can still be used. Two possible stress
distributions are given in Figure 2. The strees distributions is
depended either an the equivalent flexural strength, o¢e/n, of ice
sheet or comressive strength, oo, of ridge whichever is
exceeded first. One need only to identify the appropriate stress
carrect stress distribution. Once the appropriate stress
distrihrtimisidentified,thecmp:tationinStapscanthen

followed.
2.4 Coamparison With Model Test Results

Ioadatinatesmlwlatedfrunthedescribedprooedxxearecmpared
withtestvalusobtajnedfranthetmtestsinthepmvimssuﬂy(mu,
1990) to assess the accuracy of the model.

Ridge beams with widths ranging from 0.17 to 1.00 m were tested. The
first test, test CONE10, was performed at waterlines of 1.28 and 1.48 m and
a ridge thickness of 75.8 mm. The second test, test OONEL2, was performed
at waterlines of 1.08, 1.28, and 1.48 m and ridge thickness of 106.5 mm.
The ridges were embedded in a level ice sheet approximately 36 mm thick.

A typical vertical cross-section of the model ridges is shown in
Figure 6a. The struchre consists of two distinct materials. A strag
rectangular cross-sectional area surrounded by a layer of weaker sheet ice
resulting in a trapezoidal shape.

Far the sake of simplicity the ridges are idealized as beams of
rectangular cross-section with ice sheet attached as shown in Figure 6b.

10
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The properties of the ridge ice and the swrrounding ice sheet are
summarized in Table 1.

Load Estimates were calculated for the following cases:

1. Failure of the ridge beam with the effect of the ice sheet
ignared.

2. Failure of the ridge/sheet composite beam: onset of the hinge
crack

3. Failure of the ridge/sheet composite beam: campletion of the
hinge crack

Summaries of the analytical predictions for the above 3 cases are
given in Tables 2 to 4.

For the test data, the forces due to ridge failure alone are cbtained
by subtracting the ice clearing force fram the total force, because by the
time the ridge failed against the cone, the krcken ice of the preceding ice
sheet still covered a significant portion of the front half of the cone
surface. The clearing force has been determined by use of the elastic
model of Kim and Kotras (1973).

The estimates are plotted together with the measured values against
ridge width in Figures 7 to 11 for different ridge thickness and cone
waterlines. Three canrves are shown in each figure. One represents the
failure due to the ridge beam alone without the comtribution of the
swrounding ice sheet. The other two represents the load due to the
sheet/ridge beam cambination: one for the onset of the hinge crack arnd the
other one for the completion of the hinge crack.

1
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Several conclusions can be drawn fram the comparisons:

1. The contrilution from the ice sheet to peak load is significant
in the present test conditions. Thus, a simple analysis in which
the ice sheet is ignored severely underestimates the peak load.

2. By including the attached ice sheet in the analysis, the
estimates are substantially improved. The agreement between the
theory and the experiment is remarkable. For test COINE10, the
differences between the predicted and experimental wvalues are
very low, while, for test (ONE12, the thecry slightly under-
estimates the farces.

3. The model predicts no increase of ice farce after the onset of
reflects the fact that with a relatively weak ice sheet, the
increase in governing strength is not large enough to campensate
for the decrease in section modulus of the cracked beam at
failure. (See eguation 5) For the failure loads, only the
maximm values of Figqures 7 to 11 are of interest. Thus the
maximm values of case 2 and 3 should be regarded as peak forces.

Ratios of the measured and the predicted force values for each case
are also given in Table 5.

2.5 Non-Dimensional Analysis

A method of calculating the non-dimensional ridge breaking force and
ridge width based on equation 5 is given in the following section. These
factors allow comparison with data between the two tests.

To simplify the derivation, the ridge beam is transfarmed into an
equivalent rectangular beam with the same moment of inertia I and ridge
width Wg, thus

NORDCO LIM l'I'ED—/



1
Ig = — Wg HeS (8)

12

where He=theequivalmtﬁmidmessofﬂ1etramformedrectangularbeam

Substituting equation 8 into eguation 5, a simple relationship of the
farce and width in non—dimensional form can be deduced:

Fyryr W
0.97 = (9)
Ogov He? 1g
where
y
Yr = (10)
0.5 Hy

The factor, 0.97 Yy/(0goy He?), is used to nom-dimensionalize the
vertical farce, and the factor, 1/1p, is used to nondimensionalize the
ridge width.

Cajculations were performed for the peak loads corresponding to the
following two cases:

1. Failure of the ridge beam
2. Failure of the ridge/sheet camposite beam

A summary of the non—dimensional analysis with the data from both tests are
given in Tables 6 and 7.

Figmmnarﬂnshcwthem*dimsimalfarms, NFy, versus non—
dimensional width, NWwp, for test CONE10 and test CONE12 respectively. The

13
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parameters of the regression lines for the two cases are shown in the

following table.

CASE 1 CASE 2
Test slope intercept mms slope intercept mms
OONELO 0.911 0.264 0.033 1.011 -0.022 0.037
ONE12 1.409 0.165 0.033 1.416  =0.033 0.033

Examination of the regression 1lines
relationships for the two ridge thicknesses

need for further investigation.

14

shows that the force—width
are different, reflecting the
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3.0 OCONCLISTONS

A mathematical procedure to calculate vertical hinge crack load on a
dowrward breaking conical structure when it encounters a multi-year
pressure ridge frozen into a level ice sheet has been developed and
presented.

Calculated values of the loads causing flexaral failure of a sheet ice
reinfarced ridge beam camply very well with corresponding model test
results.

A method to calculate the non-dimensional forces and the non-
dimensional width based on the procedure is also developed. Good
agreement: is found between the model predictions and the measurements.

The camparison also suggests that the contribution from the ice sheet
to peak load is significant in the present test condition. Thus, a simple
analysis in which the ice sheet is ignored severely underestimates the peak
load.

15
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Table 1

SUMMARY OF MODEL ICE PROPERTTES
(RIDGE ICE SYSTEM)

2. bgeg is for one flange only.

Rin op oc Eg Ipl W o E k* £ n
(#) (kPa) (kPa) (MPa) (cm) (cm) (kPa) (MPa) (kPa) {cm) (cm)
H : 1.28 m i1 75.8 mm : 36,3
1 88.5 198 139 81.8 17.0 35.6 23.5 10.6 32.2 51.2 0.169
2 87.8 197 138 89.7 31.4 34.8 23.0 12.0 32.0 50.9 0.166
3 87.2 195 137 95.0 48.0 34.2 22,6 13.5 31.9 50.7 0.164
5 85.9 192 135 97.2 58.4 33.0 21.8 14.5 31.6 50.3 0.161
6 82.9 186 130 99.7 77.1 30.2 19.9 16.1 30.9 49.2 0.153
7 82.2 184 129 1006.9 87.6 29.6 19.5 17.1 30.7 48.9 0.151
H : 1.4 : 75, h: 36.3 mm
9 80.1 180 126 81.5 19.1 27.9 18.4 10.3 30.3 48.2 0.146
10 79.7 179 125 89.6 36.1 27.6 18.2 11.9 30.2 48.1 0.145
11 79.1 177 125 92.0 43.8 27.1 17.9 12.6 30.1 47.8 0.144
12 78.8 176 124 96.6 64.7 26.8 17.7 14.7 30.0 47.7 0.143
13 78.0 175 123 98.0 73.7 24.5 16.2 15.4 29.3 46.7 0.132
14 77.7 174 122 101.2 100.0 24.3 16.0 17.9 29.3 46.6 0.131
H : 1.48 m H: 106.5 h:
1 117.2 230 309 144.2 43.9 40.4 35.9 14.3 36.2 57.6 0.116
2 115.8 227 305 150.3 59.8 39.6 35.2 15.8 36.0 57.3 0.1l16
3 115.4 226 304 156.6 82.7 39.3 35.0 18.1 35.9 §7.2 0.115
: WID: 1.28 m H: 106.5 mm h: 36.8 mm
5 110.9 217 292 129.5 23.8 36.7 32.7 12.1 35.3 56.2 0.112
6 110.2 216 290 140.8 40.7 36.3 32.3 13.8 35.2 56.0 0.111
7 110.2 216 290 148.5 59.0 36.1 32.1 15.5 35.2 56.0 0.111
8 109.1 214 287 154.4 81.3 35.8 31.9 17.7 35.1 55.9 ¢.111
10 107.2 210 282 130.3 25.7 33.6 29.9 12.1 34.6 55.0 0.106
11 106.4 209 280 142.0 45.2 33.2 29.5 14.0 34.4 54.8 0.105
12 105.7 207 278 147.1 58.6 32.9 29.3 15.3 34.4 54.7 0.105
13 105.3 206 277 153.3 81.1 32.6 29.0 17.5 34.3 54.6 0.105
NOTE 1. lp and k* are calculated with the ice sheet
attached
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Table 2

SUMMARY OF THE ANALYTICAL PREDICTIONS: SHEFT DETACHED

# () ) (@) (@
: 0 H : 7
1 3.79 88.5 119.9 0.062 75
2 3.79 87.8 119.6 0.114 137
3 3.79 87.2 119.4 0.174 208
5 3.79 85.9 119.0 0.212 250
6 3.79 82.9 117.9 0.280 322
7 3.79 82.2 117.7 0.318 363
: 0 i : 75.8
9 3.79 80.1 116.9 0.069 78
10 3.79 79.7 116.8 0.131 146
11 3.79 79.1 116.5 0.159 176
12 3.79 78.8 116.4 0.235 260
13 3.79 78.0 116.1 0.267 294
14 3.79 77.7 116.0 0.363 398
: t1.48 m H: 106.5
1 5.32 117.2 188.,7 0.442 320
2 5.32 115.8 188.1 0.602 431
3 5.32 115.4 188.0 0.832 595
5 5.32 110.9 186.1 0.240 166
6 5.32 110,2 185.8 0.410 283
7 5.32 110.2 185.8 0.594 410
8 5.32 109.1 185.4 0.818 561
: HE : 106.5
10 5.32 107.2 184.6 0.259 175
11 5.32 106.4 184.2 0.455 306
12 5.32 105.7 183.9 0.590 395
13 5.32 105.3 183.7 0.816 545
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SUMMARY OF THE ANALYTICAL PREDICTIONS: ONSET OF HINGE CRACK

Table 3

Rin z y2 orb Oct Ogovt 1p Ir Byo

(#) () (am) (cPa) (kPa) (kBa) (am) (o) 1)

. * - 7

1 4.44 3.14 124.9 14.92 88.5 81.8 0.085 182

2 4.19 3.39 108.8 14.59 87.8 89.7 0.140 251

3 4.07 3.51 101.2 14.34 87.2 95.0 0.201 326

5 4.02 3.56 97.1 13.83 85.9 97.2 0.239 368

6 3.96 3.62 90.6 12.66 82.9 99.7 0.305 434

7 3.94 3,64 88.8 12.41 82.2 100.9 0.343 476

: OWID: 1.48 m H: 75.

9 4,31 3.27 105.3 11.70 80.1 81.5 0.090 167
10 4.10 3.48 93.8 11.57 79.7 89.6 0.153 243
11 4.05 3.53 90.7 11.36 79.1 92.0 0.181 274
12 3.97 3.61 86.6 11,24 78.8 96.6 0.258 361
13 3.94 3.64 84.2 10.27 78.0 98.0 0.289 391
14 3.90 3.68 82.3 10.19 77.7 101.2 0.384 497

H WID: 1.48 m H: +5 T

1l 5.66 4.99 132.9 13,65 117.2 144.2 0.502 507

2 5.57 5.08 127.1 13.38 115.8 150.3 0.662 623

3 5.51 5.14 123.5 13.28 115.4 156.6 0.894 794

: WID: 1.2 : 106,5

5 5.86 4.79 135.8 12.40 110.9 129.5 0.292 324

6 5.66 4.99 124.9 12.27 110.2 140.8 0.465 452

7 5.56 5.09 120.4 12.20 110.2 148.5 0.651 588

8 5.50 5.15 116.5 12.10 109.1 154.4 0.876 745

: : 1.08 : 106.5 mm

10 5.80 4.85 128.1 11.35 107.2 130.3 0.309 324

11 5.61 5.04 118.4 11.22 106.4 142.0 0.507 467

12 5.55 5.10 114.9 11.12 105.7 147.1 0.643 561

13 5.49 5.16 111.9 11.02 105.3 153.3 0.870 717
NOTE: l.y=H-12
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Table 4

SUMMARY OF THE ANALYTICAL PREDICTIONS: FINAL FATIIRE

RnModel z  yl' 12 oy g ogn® 1z Iy Per,
(# (#) (@) (cm) (cm) (kPa) (kPa) (Boa) (am) (@) ()
: : 1 7
1 1 4.01 1.79 4.01 198.3 29.7 198.3 B81.8 0.066 247
2 2 3.46 1.73 4,12 176.0 34.8 209.4 89.7 0.088 310
3 2 3.16 1.85 4.42 148.8 34.2 207.9 95.0 0.108 333
5 2 3.03 1.91 4.55 136.2 33.0 204.9 97.2 0.118 339
6 2 2.84 1.99 4.74 118.6 30.2 197.6 99.7 0.132 342
7 2 2.78 2.01 4.80 113.3 29.6 196.0 100.9 0.140 351

: 0 : 1.48 H: 75.8 mm
9 1 3.71 1.65 3.71 179.5 27.4 179.5 81.5 0.063 231
10 2 3.23 1.82 4.35 141.2 27.6 190.1 B89.6 0.086 260
11 2 3.10 1.88 4.48 130.5 27.1 188.7 92.0 0.094 267
12 2 2.88 1.97 4.70 115.1 26.8 187.8 96.6 0.115 294
13 2 2.77 2,02 4.81 107.2 24.5 186.0 98.0 0.117 287
14 2 2.65 2,07 4.93 99,7 24,3 185.3 101.2 0.139 321
: $: 1.48 m : 106.5 mm
1 2 3.99 2.25 6.66 207.7 40.4 346.9 144.2 0.230 514
2 2 3.71 2.34 6.94 183.5 39.6 342.7 150.3 0.260 529
3 2 3.48 2.42 7.17 165.7 39.3 341.3 156.6 0.298 563
Name:: WiD: 1.2 : 106
5 1 4.67 2.38 4.67 217.4 31.2 217.4 129.5 0.176 392
6 2 3,99 2.25 6.66 195.4 36.3 325.9 140.8 0.214 460
7 2 3.67 2.36 6,98 171.7 36.1 325.9 148.5 0.249 485
8 2 3.45 2.43 7.20 154.9 35.8 322.8 154.4 0.287 516
: WiD: 1. : 106.5
10 1 4.44 2.26 4.44 210.2 31.1 210.2 130.3 0.172 387
11 2 3.83 2.30 6.82 176.9 33.2 314.8 142.0 0.213 430
12 2 3.62 2.37 7.03 161.3 32.9 312.8 147.1 0.238 446
13 2 3.41 2.45 7.24 146.4 32.6 311.5 153.3 0.274 476
NOTE: 1. Failure criterion: 1 - compressive failure at the

bottom of ridge, 2 - tensile failwre at top
surface of ice sheet
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Table 5

OOMPARISON OF MEASURED AND PREDICTED FORCES

Predjcted/Measured
Ryl Byg/Fy Pyc/Fy Ppr/Fy

Rmn  Wp Eys By PFpr, Py

#H @M @® N @®N @ (N}

: t 1. : 7 mm

1 17.0 75 182 247 247 213 0.35 0.85 1.16

2 31i.4 137 251 310 310 269 0.51 0.93 1.15

3 48.0 208 326 333 333 345 0.60 0.94 0.97

5 658.4 250 368 339 368 351 0.71 1.05 1.05

6 T7.1 322 434 342 434 397 0.81 11.09 1.09

7 87.6 363 476 351 476 454 0.80 1.05 1.05

Test : 0 HE m : 75.8 ,

9 19.1 78 167 231 231 173 0.45 0.97 1.34
10 36.1 146 243 260 260 251 c.58 0.97 1.04
11  43.7 176 274 267 274 286 0.62 0.96 0.96
12 64.7 260 361 294 361 38} 0.68 0.95 0.95
13 73.7 294 391 287 391 414 0.71 0.94 0.94
14 100.0 398 497 321 497 474 0.84 1.05 1.05

: : : T

1 43.9 320 507 514 514 717 0.45 0.71 0.72

2 59.8 431 623 529 623 885 0.49 0.70 "0.70

3 82.7 595 794 563 794 1005 0.59 0.79 0.79

H - : +5

5 23.8 166 324 392 392 401 0.41 0.81 0.98

6 40.7 283 452 460 460 653 0.43 0.69 0.70

7 59.0 410 588 485 588 762 0.54 0.77 0.77

8 81.3 561 745 516 745 1043 0.54 0.71 0.71
10 25.7 175 324 387 387 420 0.42 0.77 0.92
11 45.2 306 467 430 467 628 0.49 0.74 0.74
12 58.6 395 561 446 561 803 0.49 0.70 0.70
13 81.1 545 717 476 717 915 0.60 0©.78 0.78

NOTE: 1. Measured maximm ridge hreaking force
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Table 6

SUMMARY OF NON-DIMENSIONAL ANALYSIS (SHEET DETACHED)

Rn o H Fy Nyt Wy 1z Meg?
# o) (@ M (c) ()
: : : 7
1 88.5 7.58 213 0.405 17.0 119.9 0.142
2 87.8 7.8 269 0.516 31.4 119.6 0.263
3 87.2 7.58 345 0.667 48.0 119.4 0,402
5 85,9 7.58 351 0.689 58.4 119.0 0.491
6 82.9 7.58 397 0.808 77.1 117.9 0.654
7 82.2 7.58 454 0.932 87.6 117.7 0.745
Test Name: OONEL : 1,48 m H: 75.8 mm
9 80.1 7.58 173 0.365 19.1 116.9 0.163
1c 79.7 7.58 251 0.532 36.1 116.8 0.30%9
11 79.1 7.58 286 0.611 43.7 116.5 0.375
12 78.8 7.58 381 0.817 64.7 116.4 0.556
13 78.0 7.58 414 0.897 73.7 116.1 0.635
14 77.7 7.58 474 1.030 100.0 116.0 0.862
: WiD: 1. : 5
1 117.2 10.65 717 0.523 43.9 188.7 0.233
2 115.8 10.65 885 0.653 59.8 188.1 0.318
3 115.4 10.65 1005 0.745 82.7 188.0 0.440
Name: : H: 106.5
5 110.9 10.65 401 0.309 23.8 186.1 0.128
6 110.2 10.65 653 0.507 40.7 185.8 0.219
7 110.2 10.65 762 0.592 59.0 185.8 0.318
8 109.1 10.65 1043 0.818 81.3 185.4 0.439
106.5 mm
10 107.2 10.65 420 0.335 25.7 184.6 0.139
11 106.4 10.65 628 0.505 45.2 184.2 0.245
12 105.7 10.65 803 0.650 ©58.6 183.9 0.319
13 105.3 10.65 915 0.743 81l.1 183.7 0.441
NOTE: 1 The measured farces are nomrdimensionalized by

mltiplying 0.97/ (0, * H2)
2 The width is non-dimensionalized by dividing lg
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Table 7

SUMMARY OF NON-DIMENSIONAL ANALYSIS (PEAK LOAD)

Rn  yy o He Fy N4 Wy 1p NP
# Ba) (@) M) (cm)  (cm)
: : 1. : 75,
1 1.04 198.3 7.75 213 0.179 17.0 81.8 0.208
2 1.18 209.4 6.96 269 0.304 31.4 89.7 0.350
3 1.37 207.9 6.47 345 0.524 48.0 95.0 0.50%
5 0.90 85.9 7.89 351 0.574 58.4 97.2 0.601
6 0.93 82.9 7.80 397 0.708 77.1  99.7 0.774
7 0.94 82.2 7.78 454 0.830 87.6 100.9 0.868
Test Name: OONE10 WID: 1.48 m H: 75.8 mm
9 1.01 179.5 7.33 173 0.176 19.1 81.5 0.234
10 1.32 190.1 6.59 251 0.390 36.1 85.6 0.403
11 0.89 79.1 7.92 286 0.499% 43.7 92.0 0.476
12 0.92 78.8 7.82 381 0.709 64.7 96.6 0.669
13 0.94 78.0 7.77 414 0.799 713.7 98.0 0.752
14 0.95 77.7 7.72 474 0.945 100.0 10l1.2 0.988
1 1.56 346.9 8.56 717 0.425 43.9 144.2 0.304
2 0.92 115.8 11.00 885 0.566 59.8 150.3 0.398
3 0.94 115.4 10.90C 1005 0.670 82.7 156.6 0.528
Test Name: QONE12 WID: 1.28 m H: 106.5 mm
5 0.97 217.4 9.61 401 0.188 23.8 129.5 0.184
6 1.55 325.9 8.57 653 0.411 40.7 140.8 0.289
7 0.93 110.2 10.98 762 0.516 59.0 148.5 0.397
8 0.95 109.1 10.89 1043 0.739 81.3 154.4 0.526
Test Name: CONE12 WID: 1.08m H: 106.5 mm
10 0.96 210.2 9.29 420 0.215 25.7 130.3 0.197
11 0.91 106.4 11.04 628 0.429 45.2 142.0 0.3218
12 0.93 105.7 10.96 803 0.571 58.6 147.1 0.398
13 0.95 105.3 10.88 915 0.676 81.1 153.3 0.529
NOTE: 1 The measwred forces are non—dimensionalized by

maltiplying 0.97*(yy)/(Ogoy * He?)
2 The width mmém-gg;\al?gedbydwldlm 1
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Figure 1}
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A. STRESS DISTRIBUTION AT FINAL FAILURE (TENSILE FAILURE OF

SHEET)
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Figure 4

NON-UNIFORM DISTRIBUTION OF TENSILE

STRESS, ot ’ AND THE CORRESPONDING EFFECTIVE WIDTH, beff
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Figure 5§

TRANSFORMED SECTION OF A RIDGE SHEET CORPOSITE
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Figure 6

CROSS-SECTIONAL PROPILE OF THE MODEL RIDGE
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Figure 12
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Figure 13
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