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invelves several components. First, the design ice

1. Introduction

feature must be selected and its properties speci-

: . i m this qui ail the -

The design of safe, economical structures in the fied. From this, the load required to fail the fea
offshore Arctic requires accurate prediction of ice

loads for a wide variety of ice condiiions (See

Fig.1). In general, the ice conditions prevailing ﬁ:_ -
at a specific site depend primarily on the existi- A —m
ting water depth. The transition zone, which is Ji_"
considered here, esxtends into the the Beaufort Sca -
where it merges with the Arctic pack ice zone.
This transition zone is characterized by more ice “:‘Dﬁf‘“ :
movement and more Iintense ice deformation com-
pared to the fast ice zone. I
Developing an estimate of the design ice load ¥ig. 1 Arctic offshore caisson
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ture against the structure can be calculated. Imp-

licit is the assumption that a sufficiently large

driving force exits to push the ice feature into

the structure with sufficient movement to cause

complete failure of the the
force is less than that required

ice. Conversely if
available driving
to cause failure, the design load can justifiably be
reduced.

Based on an understanding of the ice conditions

at the site, statistically significant loading can be

investigated.

In this paper analysis is made for break-up
impact load which refers to the condition after
in breakup which a large ice floc fails against

the entire width of the structure at a high velocity.

2. Analysis

2.1 Quasi-static Analysis

The risk of a shear failure in the soil strata

below the base of a gravity platform is of para-

mount importance and is normally investigated for

two possible failure modesh:

1) Sliding failure along or necar to the base of
the structure

2) Deep seated failure of bearing failure,

For a horizontal failure the classical approach is

the

to compare the mobilized shear strength of

soil with maximun shear stress caused by the
maximum horizontal thrust.

A lower bound of sliding resistance can be est-
ablished by determining the resistance developed
between a smooth foundation with a flat base and
the sea floor soils (See Fig.2). The equation is
described by Ref, (2)

P =Qtand + AC,

where
P,.:: max. horizontal load before sliding occurs
€ : net vertical load
& : angle of friction beween structure base
and soil, approximated by ¢-5°
C, : adhesion between soil and base of founda-
tion, appoximated by C,

A : area of foundation base.
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Fig, 2 Soil-structure interaction

flat

equation

An upper bound of sliding resistance for a
base foundation is defined by the above
for & equal to ¢ (internal angle of friction of the
soil) and C, equal to the undrained shear strength,
C., of the soil.

When considering a deep seated or bearing fail-
ure, the combination of gravity load and horizo-
ntal load from the ice effectively produces both a
gravity load, thrust load and overturning moment

- relative to the area moment of inertia of the fou-
ndation base. In this case the general capacity
equation is given by Ref.(3)

go=(rBN,)/2+ C,N,+¢N,

where
go : bearing capacity of soil
B : effective width of foundation
r ; density of soil
C, : undrained shear strength
g : surcharge

N, Ney, Nyt bearing capacity factors{See Fig. 3).

In the case of dense sands or stiff clays, the

depth to which the
small. The term ¢.N, will be neglected.

structure is buried will be
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The overturning moment created by the thrust
load of the ice can be simulated by moving the
vertical load off by the eccentricity, e. The fou-

ndation resnonds as if it had a reduced witdth, B’:
B =F- "¢

The value of ¢, computed from the reduced
width is the average, and is used with the reduced
width again in computing total capacity, Q. For a
nonhcmogencous soil, a reasonable approximation
can be made by using mean soil properties. Alte-
rnatively, if a weak stratum overlies a strong
one, bearing capacity should be computed from
the strength of the weaker. If a strong layer
overlies a weak stratum, the bearing capacity is
computed from the strength of the weaker strat-
um using the rcduced bearing pressure in the
weaker stratum due to its vertical distance from
the applied load.

The critical load which can be resisted is given
by thc minimum obtained {from cach of these fail-
ure medes. If dynamic thrust loads arc acting,
the maximum valuc of the dynamic load is used-

thus the reference quasi-static.

2.2 Dynamic Analysis

If the offshore structure is regarded as rigid
when compared with the soil, six independent
rigid body displacements are possible. For the
case where the loads are in a vertical plane, only
three independent displacements arc possible: 1)
translation in the vertical, 2) translation in the

horizental, and 3) rocking, The horizeontal transl-

atien and rocking are coupled.

The dynamic analysis of the soil-structure sys-
tem will be based on the assumption that the soil
can be replaced by a linear elastic weightless spr-
ing for displacements less than those which cause
failure. For a block undergoing vertical oscillations,
horizontal translation and rocking independently,
the stress below the block are uniform compres-—
sion, uniform shear and non-uniform shear, resp-
ectively®.

Unlike the theory of elasticity in which the
shear modulus is G and modulus of elasticity is F
independent of whether the stress state is uniform
or non-uniform, soil coefficients are defined {or
uniform and non-uniform stress distributions res—
pectively. Coefficient of elastic uniform compres—
sion, C,, is considered analogous to E and coeffi-
cient of elastic uniform shear, C,, analogous to G.
The relation between C,, C, and the coefficient of
elastic non-uniform compression, Cg, can be appr-

oximated by Ref.(5)

C.=C,/2
Cy=2Cu

From the definition of these coefficients. the
spring constants are given by:
1) For displacement in the vertical
k,=C,A
2) For displacement in the horizontal
ke=C,A
3) For rotation about the » axis
ky=C41

where

A : base contact arca
I: moment of inertia of the contact area =ahout
an axis passing through the centroid of the

base contact area.

If the indentation force-deflection relationship
for ice is assumed perfectly plastic with strain
rate (or indentation velocity) as a parameter. the
ice-structure interaction can be represented by a
dashpot since the force transmitted across it is
strain rate (or velocity) dependent (See Fig.4)

Since the lateral ice load is above the foundat-
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Fig. 4 Idecalized indentation force-displacement
relation with strain rate as parameter
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Fig. 5 Idealized soil-structure-ice model

ion base, both rocking and sliding occur simulta-

neously. If the vibrations in rocking are small
and can be neglected, only the horizontal displace-
ment of the foundation will occur. Based on this
and previously developed ice-structure and soil-
structure characteristics, the soil-structure-ice
modcl can be idealized by the 2 degree of freedom

system shown in Fig.5, with the dashpot and
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spring having non-lincar properties. The simu-
Itaneous system of differential equations are given:
For the ice:
mii+Fi1=0
For the structure:
Hg¥a— Fi+ Fa=0
Initial condition at ¢=0
Zi=xp=42=0, 11=V}
where
my: virtual mass of ice
my; virtual mass of structure
%1, X1, X1+ displacement, velocity and acceleration
of the ice, respectively
X2, X2, ¥z: displacement, velocity and acceleration
of the structure, respectively

F'i: ice-structure interaction (function of
relative velocity)

F,: soil-structure interaction(elastic, perf-
ectly plastic function of relative displa-
cement),

These simultaneous equations are non-linear and
can be integrated numerically using Runge-Kutta
methods.

3. Sample Calculations

Sample calculations are made based on environm-
ental data in Beaufort Sea and structure model of
Super CIDS® in Table 1.

Table 1 Example data used for analysis

Ice condition

Diameter(ft)
Thickness( ft)
Mass(slug)
Added mass{slug)
Total mass (slug)
Initial velocity
Structure condition
Foot print{ ft?)
Diameter  (72)
Mass (slug)
Added mass(slzg)
Total mass (slug)
Soil condititions

Spring rate{lb/f12/ft. def)
Ultimate strength({b)

Site condition
Water depth? fi)

=1000. 00

=15.00

= (.23444E + 08

= (. 35166E + 06

= 0.23796E + 08
(ft/sec)=1.69

=51177.00
=277.00

= 0.13105E + 08
= 0.14817E + 06
= 0.13253E 08

= 5983. 00

=37.00

—— 5 5 ——

=9.13423E + 09
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3.1 Soil Properties 3.2 Ice Properties
Three generalized near-surface soils condition Life Cycle of the Ice Field
in the Prudhoe Pay area were identified for the In the nearshore area, freeze-up occurs around

purposes of this study. They include 1) granular, September, with the ice sheet reaching a final

2) fine-grained, low plasticity and 3) fine~grained, thickness of about 6 to 7 feet inside the Barrier

high plasticity. Brief description of the generalized Islands before the late spring break-up period.

soil columns are given below Based on air temperature data, the maximum

Granular: The upper part of soil column consi- sheet ice design thicknesses are estimated at 6.4

sts of medium stiff, low plasticity sandy silt. and 7.5 feet™ for the 25 year and 100 year return

This silt is moderately compressible and highly period, respectively.

overconsolidated. Soils in this soil column are When sea ice starts growing, the intial develo-

unbonded permafrost(See Fig. 6). pment consists primarily of small granular cryst-

Fine-grained, low plasticity: The upper portion als. As the ice sheet increases in thickness, the
1e-grained, : : 3

of seil column consists of low plasticity silt. Ben- crystal type changes from granular to columnar.

cath the silt lies stiff to very stiff clay of low The so~called C-axis of these columnar crystals

plasticity. The silt and clay layers are moderately lie in the horizontal plane with a random oricenta-

compressitle and overconsolidated. tion and are referred to as unoriented columnar.

Fine-grained, high plasticity: The upper part of Because of this growth sequence, it is typical to

soil column consists of highly plastic soil includ— assume that at a given time the ice sheet is pro-

ing medium stiff silt overlying soft clay. Both portioned into granular ice and unoriented columnar

soil layers are very compressible. The silt is slig- ice. According to Ref.(7}, 1/3 and 2/3 arc used

htly overconsolidated while the plastic clay is respectively, whereas it is suggested 29% and 71%

normally consolidated. For calculation, granular respectively by Ref. (8). Since granular ice is stro-

. 2 0/ H [ .
soil column was used. nger, the 1/3 to 2/3 proportion is more consery

ative and will be followed. For the consoclidated

Depth zone of a rubble pile, the ice structure is assumed

Below
"(ﬁlwtn)e Material Properties to be all granular.
o]
SILT (ML), medium stiff, € - 200 pst € =0 ; : . pretaryn Fong oz metiors
M Taturated g st 8 = 39 Upper Bound on Ice-Strictuve Iinferaction
t
SAND (SP), dense, saturated, Kozhavin's expression? is used to determine
angular I
20 4 =0 . . . .
e the crushing or indentation load for an ice struc—
T 125 pef
ture as
40 4
F= felf.ccDt
where
60 4
GRAVEL {GP), very dense, c=0 o H H
very ense sl £ horizontal ice force
angular ¥, = 130 pef
t fc: contact factor(=0.3)
B0+ . .
I : indentation factor(1.2 and 3.0 for granular
and columnar respectively)
100 f. : temperature correction factor{ =0.3)
LEGEND oc: unconfined compressive strength
= undrained soil angle of internal friction . . .
120- §' = drained soil angle of interna) friction D Wldth of ice fallure
¢ = undrained soil cohesion t : ice thiCkI’lQSS
¢ = drained sail cohesion ) :
7, = wet density of soil These ics load parameters are a function of a
Mo i . . . .
Fig. 6 Granular soil column number of variables, including strain rate, local
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Fig. 7 Unconfined compressive strength of
unoriented sea ice at —10°C

geometric effect and ice type. Fig.7 shows the

unconfined compressive strength of unoriented

columnar ice as a function of strain rate at a
standard test temperature of —10°C. The relation
between the strain rate and the indentation velo-

city is given by Ref.(8)
€=V/2D

where
€ : strain rate

V@ relative velocity between indenter and ice

mass
D : width of indenter.

For the break-up impact load, initially the str-
ucture is stationary, i.e., Vg,=0, and the ice
formation is approaching at the break-up velccity,
Vie- The indentation velocity, (Vi - V), is the-
refore the break-up velocity, V. As the initial
energy of the moving ice mass is reduced by the
work done in crushing the ice or displacing the
structure, the velocity of the ice mass decreases
and the velocity of the structure increasss, with a

corresponding deceases in the relative velocity.

During breakup, the initial relative velocity, Vi,
will be on the order of 1 or more knots with a
corresponding strain ratc on the order of 3x10~3

sec™! or more.

3.2 Quasi-static Calculation

For the structure under consideration, the max-
imum load or upper bound of the ice-structure was
calculated. Based on this, Table 2 shows the all-
owable bearing capacity for a sliding failure or a
deep seated failure for granular soil column. From

this sliding is seen to be the critical failure mode.

2.4 Dynamic Calculation

The non-linear equations of motion can be app-
roximated by two linear equations with constant
cocfficients for the spring and dashpot clements.
long as the

This assumption is rcasonable as

initial velocity of the ice mass is small and

the soil-structure interaction force does not
exceed the elastic region, The virtual masses of
the ice and structure will, of ccurse, rcmain
unchanged,

Then equations of motion become:

For the ice:

miX - (f 32=0

For the structure:

moXa—c1( ) — %) + koxy=0

Initial conditions at =0

X=Xp=12=0,51=V,,

The linear damping coefficient ¢;, was determi-
ded by assuming the force-velocity relationship
can be approximated by a straight line drawn thr-
ough the origin and the ice-structure interaction
load evaluated with strain rate of 16-3 sec~!.

The solution to above egquaticns is of the follow-

ing form:

Table 2 Comparison between deep seated and sliding failure

Deep seated failure

Sliding failure

Allowable Actual Factor Allowable Actual Factor

vertical load of horizontal | ice lecad of

Toad( kips) (kips) safety load (kips | (kips) Liafetv
3,39 % 108 ’ 300, 000 l 11.3 131400 63, 100 2.0
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By substituting this into the simultaneous diff- TR U
erential system, the eigenvalues and finally the ;
eigenvectors can be obtained, with the unknown ,
coefficients determined from the initial conditions.: K W
The theoretical solutions are obtained from: ™ )

linear equations using example data in Table 1. .
The maximum excursion is 0.40 ft. The maximum - ;o . : . .

velocity is on the order of 1.1 ft/sec. The maxi- ¢

mum acceleration of the structure is approximately *

o ~2m0tr00 <a00gens Ls00tv00 +ev06r00 “tosgeor
nisecs

0.3g. The maximum ice force is 540 kips/ft. The
maximum soil reaction of 117 kips is lower than Fig. 12 Soil force history
that of maximum horizotal load before cliding

occurs (Pax=131 kips).

safety factor of 1.15 against gross failure of the
supporting soil. These results are shown in figu-

Consecquently it is observed that the structure has res 8 through 12.

7,58;*
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4. Conclusions

Following conclusions could be drawn based on
above sample calculation analysis:
1) Sliding is the critical failure mode for Arctic
gravity caisson.
2) Tt is noticed that caisson has stable founda-
tion.
3) More rigourous analysis should be required

for sophisticated ice and soil properties.
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