








































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































According to the inelastic part of Eg. (2), we have

é

= CEE» 2L ~ycaemy 2E (10)

i Y

If c=0, we can see that there will be a certain amount of
strain rate under any stress level. This is the state of

creep.

3. CONSTITUTING THE THREE~DIMENSIONAL ICE
CREEP EQUATIONS BY USING VISCOPLASTICITY

Let us assume the one-dimensional 1ce creep equation 1n

the form:

=APw) Tct) (11)

where &P is the inelastic strain, A is a parameter depending
on the size of 1ce grain and the temperature of ice, P is
a function of stressg, T 1s the function of time t. Deriving
both sides of Eg. (ll1l) by t, we obtain

=APCO) T¢E) (12)

In the special case of creep, i.e. c=0, we square both

sides of Eg. (10) and obtain

(I =p°8cfr (L 2L of v (13)

SO@ 803
For one-dimensional states, Eg. (13) leads to the relation

éP=,f2‘7)’g3_cF>(-2'— of a.,() (14)

20« 30,

According to the experimental results (Lindholm, 1965),

it can be assumed that there is a single curve relationship,
. R

which is 1ndependent of the state of stress, between (I;)u

and f for an elastic/visco-(perfectly plastic) material.
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So Eg. {(12) is equivalent to Eq. (14). The functions y°

and @ can therefore be written in the form

V= % AT(t) (15)

)= P“T) (16)

2 50, acrm

The yield function f can be chosen according to the practial

conditions.
4. EXAMPLE: A NUMERICAL CREEP ANALYSIS OF AN ICE SHEET

As a one-dimensional creep law we have used the equation
proposed by Sinha (1981). The 1inelastic strain, GP, at time,
t, 1n the 1ce of grain size, d, subjected to a uniaxial

stress, ¢, at a temperature, T, was given by

g".—_c,(%)(%)‘[/—ezp{—(art)b}]+Af(’gTr)" (17)

The constants 1in Eq. (17) are: E=950KN/cm’; s=1; n=3; b=0.34;
ap(-10°C)=2.5x10"4s"1 and A(-10°C)=1.32x107s"1 for the system
using dj1=1lmm and0;=0.lKN/cm2

If the strain rate of ice 1s less than 107 6s”1l, the tensile
strength wi1ll be approximately equal to the compressive
strength. So von Mises yield function is suitable for this

condition, i.e.

=3 (18)

where T;=(l/2)5.‘)'5zj .
According to Eq. (10), the three-dimensional 1ce creep

equations have the form

EP—Véf) 3 Sij

2(3H)" (19)
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where V°§(-F)=KQ,({)'P)’,@,(f},These functions can be determined
from Egs (15) and (16) as follows:

n="% (%)(a#bt"" yexp {-cart)'} |

(20)
Eh=(£), n=%2a, ah-(E)

Let us consider a slow-moving ice sheet against a single
rectangular pile (Fig.2). The width of the pile 1s 4m and
the thickness of the ice sheet is 0.7m. The grain size of
the ice 1s 4mm. The boundary condition between the pile
and the 1ce sheet is stiff. In Fig.3 there are two ice force
displacement curves with different ice velocities by using
nonlinear three-dimensional finite element method. The
ice velocities are 0.000lcm/s for curve A and 0.001 cm/s
for curve B. The 1ce forces are 6.59 and 13.9MN for curve
A and B, respectively. It 1s obvious that the velocities
of 1ce effect the i1ce forces under the state of creep.

The results are compared with those from other method

under the same condition. They are shown in the Table 1.

Table 1. Comparison of results with different methods

Viscoplastic Plastic limit Reference
method proposed | analysis method | stress method

in this paper

Ice velocity
0.0001}) 0.001 0.0001| 0.001 0.0001| 0.001
cm/s
Ice force
6.59 13.9 3.59 7.82 5.23 11.3
MN
5. CONCLUSIONS

Viscoplasticity can be used for calculation of 1ce loads

in the state of creep. It would be more reasonable because
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it consider the wviscous aund plastic properties of ice
simultaneously. The proposed model gives a lattle larger
1ce forces than the reference stress method. The results
are different from those of plasic 1limit analysis method
because the creep takes an important role when a slow-moving

1ce sheet moves against a structure.

6. ACKNOWLEDGMENT

This paper 1s on the basis of a research program supported

by the National Natural Science Foundation of China.
7. REFERENCES

Lindholm, U.S. (1965). Dynamic deformation of metals, Behavior
of Metals under Dynamic Loading.

Perzyna, P. (1966). Fundamental problems 1n viscoplasticity,
Recent Advances 1n Applied Mechanics, 9, 243-377, Academic
Press.

Sinha, N.K. (1981). Deformation behavior of i1ce-like materials
1n engineering applications, International Symposium on
the Mechanical Behaviour of Structural Med:ia, Ottawa.
Ontario, 419-430.

Xu, J. (1986). The structural vibration induced by sea 1ice

(in Chinese), Ocean Engineering.

450



Fig.l Dynamic loading surface and strain rate vector
(1) Subsequent dynamic loading surface

(2) Initial yield surface (F=0)
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Fig.3 Ice force — displacement curves
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DYNAMIC ICE LOADS
ON THE GREAT BELT WESTERN BRIDGE

F.T. Christensen Danish Hydraulic Institute
DK-2970 Hgrsholm, Denmark

N.-E. Ottesen Hansen LICengineering A/S
DK-2900 Hellerup, Denmark

S. Spangenberg and The Great Belt Link Ltd.
L.J. Vincentsen DK~-1601 Copenhagen V, Denmark
ABSTRACT

The planned bridge across the western channel of the Great Belt
in Denmark will experience some unique conditions with respect to
ice loading. It is placed in open waters, and in a seasonal ice
zone. Due to this, it will experience ice floe impacts at all
incidence angles. Some of the ice floes are large enough to cause
a sustained failure process inducing dynamic vibrations of the
bridge piers. This paper describes a preliminary analysis of the
dynamic behaviour of one of the proposed pier designs. The dyna-
mic amplification of the intermittent ice forces was found to be

determining for the response level.
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1. INTRODUCTION

During the period 1989-1995 a fixed link will be built across the
18 km wide Great Belt. At the particular site of the link the
Great Belt is divided into two channels, called the Eastern
Channel and the Western Channel. They are separated by the island
of Sprogg, see Figure 1.

20m 20m 20m

%Zz%/ CranneL Tl—r Aﬁ%ﬁ;“:jf

FUNEN.

“

O

$

&\\\

EASTERN
CHANNEL

;
—_——— R
6km 'OAD

Figure 1. The planned bridge and tunnel system across the Great
Belt.

A 6 km long bridge will be built across the Western Channel, and
a 7 km railway tunnel will be built underneath the eastern chan-
nel. The tunnel and the bridge will link up at Sprogg. At a later

stage, a road bridge will be built across the eastern channel.

The Great Belt is a mild ice zone with about one of three winters
having any ice at all. Nevertheless, with design probabilities of
exceedance of 10_5 per year the ice loads together with ship col-
lision loads become governing for the design. The water depth in

the Western Channel is in the range of 23-27 metres.
In order to quantify ice forces during oblique ice attack on the

piers of the Western Bridge, a model test programme has been car-
ried out. The results are reported by Christensen et al. (1989).
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Two types of piers were tested in level ice. One was a twin-leg-
ged design with cylindrical legs of 6 m diameter and a centre-to
-centre spacing of 15.6 m in full scale. The other pier was an
oblong mono -legged design with the same outer dimensions as the
twin-legged pier. The tests were carried out at a scale of
1:14.76 with a target ice thickness of 65 mm and a target uniax-
ial compressive ice strength of 129 kPa at model scale. The test

results were presented earlier (Christensen et. al., 1989}).

At the two lower test velocities, buckling failure occurred, and
the proximity of the two legs created a limitation of the buck-
ling load. Two individual, but simultaneous, buckling processes
would interfere near the centreline and thereby limit the buck-
ling load. Another limit load is the one corresponding to "full
interaction™ where the ice buckles as if the two legs were ac-
tually one solid (mono-legged) structure. At the high test velo-

city crushing failure occurred.

The measured forces were corrected to account for the desired
strength and thickness, and they were scaled in accordance with
the formula by Schwarz et al. (1974), i.e. along a logarithmic
slope of -0.2 in a pressure area diagram. Strengths were scaled

linearly.

Natural frequency tests were carried out to investigate whether
or not the ice load measurements are affected by the natural fre-
quency (eigenfrequency) of the experimental set-up. The natural
frequency of both model types was established in two horizontal
directions by impact tests with the model connected to the towing
carriage. The models were cleared of ice during the impact tests.

In both cases the natural frequency was about 14 Hz.

Frequency spectra were computed in order to find out whether or
not significant amounts of energy are concentrated around the
natural frequency. Tests at low velocites showed no concentration
of energy near the natural frequency. Tests at the high velocity
showed a concentration near 14 Hz, but it was ignored in the sta-

tic analysis. An interpretation of the crushing loads as static
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loads is conservative because the damping of the model pier was
slightly less than that of the full scale piers. The magnitude of
the crushing loads from a static interpretation was described by
Christensen et al. (1989).

2. DYNAMIC ANALYSIS

An analysis of the dynamic behaviour of a deepwater pier for the
composite superstructure was carried out. There was no dynamic
amplification in the model tests in which buckling failure took
place, because the typical frequencies observed during model ice
buckling did not coincide with the natural frequency of the model
pier. In full scale, however, the frequencies observed during
buckling will coincide with the natural frequency of the pier
-soil system, and so the question of dynamic amplification be-

comes important.

Applying the force spectrum determined from buckling tests, a
dynamic amplification of 4.6 may be experienced. In the worst
case, where the peaks of the force spectrum and the mechanical
transfer function coincide an amplification of 6 may be experi-

enced.

The first eigenfrequencies and eigenfunctions are calculated for
a typical bridge pier. The selected deep water pier is located in
the middle of the Western Channel at 26.0 m water depth and the
level of the bearings is +22.26 m. The total height of the struc-—
ture is approximately 48 m, see Figure 2. A finite element pro-
gramme was employed for the calculation of the first modes. The
bridge pier was subdivided into 24 beam elements in order to de-
scribe the varying mass and stiffness properties (bending and
shear) along the shaft and caisson. Young's modulus for the con-
crete was taken to be 40,000 MN/mz.
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The girder substructure interac-
tions are represented by means of
linear springs and lumped masses.
The springs describe the girder
stiffness for horizontal transla-
tion perpendicular to the bridge
and rotation along the girder axis.
The bridge can dilate freely over
the pier.

The soil-structure interaction is
in accordance with Det norske Veri-
tas "Rules for the Design, Con-
struction and Inspection of Off-

shore Structures, Appendix g, Dyna-

mic Analysis". The interaction is
modelled by means of a continuum Figure 2 Isometric view of
approach, which includes lumped the bridge substructure.
masses, linear springs and damping

ratios for the foundation subsoil. The approach is dependent on
the size of the shear modulus of the soil. The shear modulus has
been estimated from the stated empirical relationship for the

upper moraine clay in the layered soil profile.

The stiffness of the girder is less than 1% of the soil stiffness
so the motion of a substructure will only influence the adjacent
substructures to a minor degree. Further the bearing between
superstructure and the bridge pier is a kind of pendulum parallel
to the bridge.

Direction 1st Mode 2nd Mode
(Hz) (Hz)

X-perpendicular to the bridge 1.1 4.0

Y-parallel with the bridge 1.4 4.0

Table 1 Eigenfrequencies for the first two modes.
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The calculated eigenfrequencies are shown in Table 1. The reason
that the eigenfrequency in the direction parallel to the bridge
is larger than transverse to the bridge is that this motion is
decoupled from the girder structure. The first two modes are de-
picted in Figure 3. It can be seen that the first mode eigenfunc-
tions represent the rocking movement and the second mode eigen-
functions represent the foundation translation. Bending of the

shaft influences the shape of the eigenfunction.

The actual response of the structure for excitation near the
eigenfrequencies depends on the damping. The damping ratios dif-
fer with the different materials and also with mode and vibration
amplitude in the soil. The damping calculations are based on the

damping ratios in Table 2.
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Figure 3 The first and second eigenfunctions. Deflections are

normalized with the maximum deflection.
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DAMPING MODE OF DAMPING

MATERIAL TYPE VIBRATION RATIO (%)
Girder Internal - 3.0
Concrete in shaft
and caisson Internal - 3.0
Fill in shaft and
caisson Internal - 3.0
Water Radiation

and viscous - 1.0
Soil Radiation Rocking 1.4
Soil Radiation Translation 11.3
Soil Internal - 3.5

Table 2 Damping ratios for the different structure materials.

The generalized damping is calculated for the different eigen-
functions, see Table 3. Although the soil damping may seem large
due to the magnitude of the damping ratio, respect must be paid
to the mode shape and the variations of damping with the level.
The large damping ratio for radiation damping of translatory vi-
brations contributes very little to the generalized damping of
the first mode because this mode has very little translation at
the foundation level. Combining these two effects, the results
show that the dominating contribution originates from the damping

of the reinforced concrete 3%.

Direction 1st Mode 2nd Mode
(%) (%)

X-perpendicular to the bridge 3.1 4.4

Y-parallel to the bridge 3.4 4.2

Table 3 Generalized damping ratios for the first two modes.
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The damping ratios presented in Table 3 are very close to the
damping ratios measured on the Norwegian offshore platforms of
the GBS type. So although the damping is small it is considered

to be very realistic.

Combining the eigenfrequency and the damping ratio, the frequency
transfer function can be established for each mode as depicted in
Figure 4. Dynamic amplification of the ice load becomes signifi-
cant if the ice load spectrum has large energy contents around

the eigenfrequency peaks.
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Figure 4 Frequency transfer functions for the first two modes.

The soil-structure interaction, which is governed by the soil
shear modulus, influences the magnitude of the eigenvalues and
the shape of the modes. In the above calculations the equivalent
elastic subgrade modulus and damping ratios have been reduced by
50% due to the soil layering. This results in a subgrade modulus
in the range of 35 to 50 MN/m3 for rocking and sliding movement
respectively. Calculations with half and double the soil shear

modulus showed a *25% change in the eigenfrequencies.
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3. OBSERVED DYNAMIC BEHAVIOUR IN ICE MODEL TESTS

The tests made at the Hamburgische Schiffbau-Versuchsanstalt GmbH
had some inherent dynamic effects, due to the elastic suspension
of the model. The measured eigenfrequency of the model was 14 Hz
which in full scale corresponds to 3.6 Hz. The damping ratio was
estimated from the natural frequency time series to be 0.02 for
the bridge pier.

Figure 5 shows a typical recorded force spectrum in a test where
crushing is the dominating failure mode. The major part of the
energy is concentrated around a frequency of 12 Hz, reflecting
the natural frequency of the model pier. For pure resonance the
dynamic amplification factor would be 1/(2:0.02)=25. The spectrum
in Figure 5 shows an amplification of roughly 840/50= 17, which
is in good agreement when the sensitivity to peak width (with the
force spectrum narrowly distributed around the natural frequency)
and damping ratio is considered. An excerpt from a typical time
-series of crushing forces is shown in Figure 6. The mean force
value has been subtracted when calculating the spectrum in Figure
5.

Figure 7 shows a typical spectrum of recorded forces in a test
where buckling is the dominating failure mode. The energy is con-
centrated around a frequency of 2 Hz, reflecting a "buckling fre-
quency" associated with the velocity and mechanical characteris-
tics of the ice. There is a smaller concentration around 12 Hz,
but this only reflects dynamic vibrations of the pier after sud-
den changes in applied load, e.g. after failure of the ice. This
smaller peak is consequently ignored in the further calculations.
Since the "buckling frequency" is considerably smaller than the
first eigenfrequency of the model pier, dynamic amplification is

not included in the model test results on buckling.
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4. DYNAMIC ICE BUCKLING LOADS

It is assumed that the dominating frequency in the buckling pro-
cess is directly proportional to the velocity of the advancaing
ice sheet. Even though the ice strength is rate dependent, this
assumption should give reasonable frequency estimates. This means
with the currents present in the Great Belt that resonance can be
expected between the buckling and the basic natural frequencies
of the bridge.

Figure 8 shows a typical time-series of recorded resultant force
in a test where buckling is the dominant mode of failure. It is
interesting to note the buckling event covering the right half of
this figure. A surprisingly regular variation pattern is main-
tained for about 18 cycles over about 13 seconds. The correspond-
ing frequency is 1.4 Hz, (= 0.35 Hz full scale). Note that the
spectrum in Figure 7, which is based on a test with twice the
velocity, has a peak frequency about twice that dominating in
Figure 9. The vibration with 18 cycles was the longest observed
in all the tests.

It appears that in full scale values the dominating frequency in
the buckling process (with the design ice cover) may be estimated
as fb = Vl/0.14 m, where Vi is the velocity of the ice. Excita-
tion at the eigenfrequencies of 1.1 Hz and 1.4 Hz calculated ear-
lier would then take place at velocities of 0.15 m/s and 0.20
m/s, respectively. These are very common velocities in the Great
Belt. The necessary kinetic energy of the ice floes for a 15 se-
cond buckling event can be possessed by floes typically more than

roughly 400 m in diameter.

Taking the spectrum from Figure 5 ignoring the peak near 12 Hz
and converting it to full scale values (by multiplying forces
with 1096 and frequencies with 0.26) the lower curve in Figure 9
is obtained. Multiplying this force spectrum with the mechanical
transfer function for the first mode the response spectrum is
found. It is shown as the upper curve in Figure 9, and clearly

reveals a substantial response near the natural frequency.
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The effective dynamic amplification factor can then be found by
calculating the ratio of the rms values for the two spectra. With
the shown curves an estimate of 4.6 results., Due to the velocity
dependence of the buckling frequency, the peak of the (lower)
force spectrum may shift to other values. The "worst case" would
be for the peaks to coincide, which they do for common ice velo-
cities as explained earlier. By shifting the lower peak in Figure

9 to a peak frequency of 1.1 Hz a dynamic amplification factor of

6 1s found for the ice buckling loads. This is a substantial am-

plification when applied on for instance the force time series

shown in Figure 8.

It 1s seen that the amplitude of the force fluctuations are 0.4
times the average force value. With a dynamic amplification of 6
this means a maximum response of 1 + 6 x 0.4 = 3.4 times the
average response, and a dynamic load factor of 3.4/1.4 = 2.43.
This means that 1in scaling to the Great Belt Bridge, the forces
for buckling obtained by the same scaling which was used for
crushing shall be multiplied by 2.43 in order to get the equiva-
lent static force. This is substantial. However, the above calcu-

lations have the inherent assumption that all frequencies are in

phase.
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Figure 9 Response spectrum in full scale values.
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Taking proper care of the phase differences when the peak fre-
quency coincides with the resonance frequency of the piers, and
only assuming 18 load cycles as a maximum, a simulation has

resulted in an amplification of 3.80 times the mean force.

The corrected budget for the amplification then becomes 1 + 3.8 x
0.4 = 2.52 and a dynamic load factor of 2.52/1.4 = 1.80. This
means that the full scale forces extrapolated from the model
tests for the buckling situation shall be multiplied by 1.80 in

order to account for the dynamic amplification.

The model ice used in the laboratory tests is generally believed
to have less flaws and cracks in it than its corresponding full
scale ice. This can be explained by the fact that the full scale
ice has undergone morphological changes for months before reach-
ing the full thickness. This means that the energy will be spread
slightly more in the full scale spectrum, and as such the above

dynamic amplification factors are conservative.

5. CONCLUSIONS

From the above analyses it is realized that the dynamic effects
will play an important role in the response of the bridge piers

to ice loads.

For crushing failure, the forces resulting from the model study

can be applied directly.

For buckling failure, the forces resulting from the model study
shall be multiplied by 1.8, in order to account for dynamic am-
plification. This result has been based on force records from

tests with a zero degree angle of incidence of the ice only.
Note that the pier investigated in this paper need not be the one

selected for the Western Bridge. The choice of substructure lay-

out is expected to take place in the early summer of 1989.
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THE E_OF RESIDUAL STRENGTH IN THE CALCULATION
OF GLOBAL CRUSHING FORCES ON WIDE STRUCTURES

J. F. Dorris Shell Development Company
Houston, Texas
U.S.A.

ABSTRACT

Ice crushing loads are often estimated by an empirical approach developed to predict ice
forces on bridge piers The application of this methodology to wide structures overpredicts forces
measured 1n the field. The overprediction 1s due to fundamental differences between the indentation
tests used to develop the methodology and actual field conditions encountered by wide structures  As
an alternative to the current crushing methodology, 1t 1s proposed that the post peak restdual strength
measured n unconfined compression tests under ductile conditions be used as an upper bound for
effective pressure 1n global load calculations Data are presented which define the residual strength for
multi-year 1ce. Compansons are made between the residual strength and effective pressures inferred
from field measurements

1. INTRODUCTION

Ice load methodologies seek to relate 1ce forces on a structure to some 1ce parameter which
characterizes 1ts strength. The 1ce strength parameter 1s determined from standard mechanical tests
and is very sensitive to the sample’s physical properties such as salinity, porosity, and crystal structure
The type of test used to measure strength depends on the assumed faillure mode If, for example,
crushing 1s the assumed faillure mode, then umaxial compression tests are a logical choice and
compressive strength 1s an appropriate strength parameter.

Of all 1ce load methodologies, crushing 1s most widely used since 1t provides an upper bound
on ice loads. The crushing methodology 1s an empirical approach derived from indentation tests The
effective pressure (total load/contact area) 1s related to the unconfined compressive strength by means
of empirically derived parameters which account for confinement and rate effects This approach was
developed to predict ice forces on bridge piers and works well where the ratio of structure diameter
(D) to 1ce thickness (h) 1s small, generally D/h < 10.

However, the discovery of o1l in Arctic regions created interest in structures large enough to
support drilling activities These structures are necessarily wide and typically have D/h ratios of 20 and
greater. The application of the crushing methodology to wide structures yields total forces and
effective pressures much greater than actually measured in the field As a result the recent trend 1n

467



ice load predicion has been to move away from small scale mechanical tests and toward direct
application of field measurements While 1t is agreed that field measurements should be the final judge
of the merit of any ice load methodology, they are expenstve, risky, and subject to large uncertainty
Furthermore, the measurement of the “design” event 1s left entirely to chance

The purpose of this paper 15 10 argue that crushing loads on wide structures can be estimated
directly from small scale mechanical tests The argument 15 based on consideration of the strain
softening observed 1in compression tests conducted under ductile test conditions, and use of the post

peak residual stress as the strength parameter.

2. UNIAXIAL COMPRESSION OF MULTI-YEAR ICE

The mechanical response of 1ce in compression can cover the whole range of matenal
response from ductle to brittle depending on its rate of loading At low strain rates the response 1s
ducule and the stress strain curve 1s characterized by a rise mn stress to a peak value followed by a
decrease to a fairly constant post peak value The non-monotonic nature ol the stress strain curve 1s
due to the softening of the ice from microcracking The stress strain curve for ice under ducule
conditions can be characterized by two strength parameters (1) the peak or unconfined compressive
strength (0¢) which 15 associated with small strams and undamaged ice and (2) the post peak or
residual strength (oy) which 1s associated with large strains and damaged 1ce. At high strain rates the
response 1s brittle and the stress strain curve 15 characternized by a sharp rise to a peak value where
catastrophic failure of the sample occurs

Attenuion 1n 1ce mechanics has focused primarily on the measurement of peak stress values
since the peak values are thought to yield the highest ice loads Consequently little attention has been
given to the measurement of the rewuidual strength  The most extensive data available on residual
strength are found 1n three industry funded projects (Cox, et al (1984), Cox, et al (19893),
GEOTECH (1985)) administered by Shell Development Company These projects mnvestigate the
uniaxial compresston of multi-year ice over a range of temperatures and strain rates  All test samples

are loaded to failure or 5§ percent strain
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Fig 1 - Unconfined compressive strength (MPa) Fig 2 - Residual strength (MPa) vs. strain rate
vs. strain rate (1/sec) (1/sec).

Figures 1 and 2 show the vanation of unconfined compressive strength and residual strength
with strain rate for two temperatures Large scatter 1s found in multi-year ice samples so that mean
values are used to define strength The vertical bars denote one standard deviation Data from the
three programs mentioned above are used to calculate mean values, and the number of tests at each
test condition varies from 18 to 70 tests. The residual strength 1s defined as the stress measured at
5 percent axial stramn. The decrease in strength beyond 10-3/sec 1n Figure ! and the absence of
residual strength values at 10-2/sec 1 Figure 2 indicate that the ductile to brittle transition poimnt for
uniaxial stress 1s at approximately 10-3/sec

The most notable feature of Figure 2 1s the apparent rate independence of the residual
strength. Statistical t-tests are used to compare mean values at different levels of constant strain rate
and constant temperature The comparisons are tested at a 99 percent confidence level and show that
the unconfined residual strength 1s independent of strain rate and increases with decreasing
temperature  If residual strength 1s assumed to be rate independent, then all samples at a given
temperature can be combined to yield

og=- 02860+ 1.137, -5<6<-20, €S}
where @ 15 temperature measured i °C and oy 1s measured in MPa.

A possible micromechanical explanation for the rate independence of the unconfined
residual strength 1s fricion At large strains, where microcrack density 1s high, the fricuonal shp of
oppostite faces of microcracks could be the dominant mechamsm for energy dissipation. Frictional
materials (e g., granular materials) are generally regarded as rate independent For 1ce, the coefficient
of friction increases with decreasing temperature This would explain the increase in residual strength
with a decrease 1n temperature seen in Equation 1
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3. INDENTATION TESTS

The estimation of global crushing loads 15 essentially an empirical approach denved from
edge indentation tests of ice sheets Results from these tests are qualtatively similar to unconfined
compression tests  Plots of the maximum effective pressure (total load/area) as a function of
indentation velocity shows a maximum pressure at some critical velocity which marks the transition
from a ductile to britle faillure mode. The ducule mode 1s characterized by the muation and
propagatuon of a damaged zone of fissured ice  The force history 1s smooth and resembles the stress
stramn curve of an ice sample 1n the ductile mode The brittle mode 15 characterized by the propagation
of large cracks and the flaking of 1ce off the sheet The force history 1n the bnittle mode has a sharp
rise 10 a peak followed by an jagged response at a lower force level A detailed discussion of sheet
indentation 15 given by Michel and Toussaint (1977)

4. GLOBAL CRUSHING LOADS

The effective pressure (P) from global crushing loads 1s related to the unconfined
compressive strength (o) by the equation,

F
pP=

_DH =1 chc' (2)

Here I and fc are empirical factors obtained from indentation tests of ice sheets.

The essential problem in applying Equation (2) 1s choosing the correct value of g The
unconfmed compressive strength 1s rate dependent Consequently 1ts choice should be related to
indentation velocity (v) This 1s accomplished by defining an effecuve strain rate (€) which can be
obtained by scaling the indentation velocity by some length charactenstic of the problem. Michel and
Toussaint (1977), for example, recommend € = v/(4D) while Ralston (1979) recommends ¢ = v/(2D).

The contact factor (f¢) in Equation (2) accounts for the post peak decrease in load and
depends on the effective strain rate At low strain rates where the ductile failure mode occurs good
contact 1s maintained throughout the penetration In this case values for the contact factor should be
near 1 At high strain rates where brittle failure dominates, spliting and flaking reduce the effective
contact area. Here values for fc are less than 1. Figure 3 illustrates the contact factors recommended
by Michel and Toussaint and the factors recommended by Ralston The solid line in Figure 3
represents a rough upper bound obtamed by connecting recommended values for €=10-6/sec and
€=10"3/sec.
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The indentation factor (I) in Equation (2) accounts for strength increases resulting from the
confinement of the interaction zone by the surrounding ice sheet  Values for I range from 1 to 3 for
1sotropic materials. For narrow structures the 1 plane confinement 1s high and values of I near 3 are
reasonable. For wide structures the in-plane confinement is lower and values of I near 1 are
reasonable  Plastic limit analysis has been applied to provide analyucal support for the values of 1
quoted above

The application of Equation (2) to the prediction of global crushing loads on wide structures
greatly overpredicts measured global loads. The discrepancy between predicted and measured forces
1s often explained by size effects and non-simultaneous failure. These explanations are conceptually
reasonable but difficult to quantify and apply. Furthermore evidence exists which suggests that these
concepts may not be applicable. In a comparison between crushing strengths of laboratory test samples
and full thickness ice sheet samples, Petrie and Poplin (1986) report no significant reduction 1n
strength with increasing volume. In a discussion of the dynamic response of the Molikpagq, Jefferies
and Wright (1988) report that during crushing events the pressures recorded from panels located
across the width of the Molikpagq were in phase and of similar magnitude indicative of simultaneous
failure

5. APPLICATION OF RESIDUAL STRENGTH

As an alternative to size effects and non-simultaneous fallure, we propose that the
overprediction of global crushing loads is due to the failure to properly account for strain softening.
Ths failure stems directly from fundamental differences between the rather idealized conditions of
indentation tests and the actual loading conditions encountered by wide structures in the field.

The mitial boundary conditions for sheet indentation tests are good contact with undamaged

ice over the enure indentor width At t=0 a velocity jump 1s specified  These conditions give rise to
the 1tial impulsive force peaks seen in indentation tests. The peak force should be related to the

471



unconfined compressive strength since the strain is smali and the 1ce 1s undamaged. The subsequent
decrease 1n force 1s accounted for by the contact factor The reduced force level should be related to
the residual strength since the strain is large and the ice is damaged The product fcac can be
interpreted as a reduced strength parameter. This product 1s shown Figures 4 and 5 for § = -5°C
and 6 = -20°C by muluplying the unconfined compressive strengths from Figure 1 by the contact
factors from Figure 3 The reduced strengths predicted by the Ralston (1979) and Michel and
Toussaint (1977) contact factors are maximum near the ductile to brutle transiion pomnt but
overestimate the residual strength there by a factor of 3 Better agreement 15 found by replacing the
discretized contact factors by the upper bound from Figure 3 but 1ts maximum value occurs below the
ductile to bnttle transiuon pomnt  There 1s no physical basis for the varation of the reduced strength
parameter seen mn Figures 4 and 5 and the choice of the effective strain rate 1s rather arbitrary
Consequently both the contact factor and effective strain rate should be viewed as calibraton factors
used to reconcile unconfined compressive strength with pressures from sheet indentation tests As
such, their extension to applications bevond the scope of sheet indentation tests 1s questionable

fx0 fro
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Fig. 4 - Reduced strength (MPa) vs strain rate Fig. 5 - Reduced strength (MPa) vs strain rate
(1/sec) (8 = -5°C) (1/sec) (6 = -20°C)

It 1s dufficult to imagine a global load scenario for a wide structure where the inital conditions
would ever coincide with the minal conditions specified for sheet indentation tests Consider first
wimnter conditions.  In this case the nitial contact between the structure and undamaged ice 1s good.
However, 1n winter conditions the 1ce 1s mitially at rest and the far field stresses which drive the 1ce
build up over a period of hours or even days Upon breakout, the ice in the vicinity of the structure
has been subject to accelerating strain rates This condition 1s simular to an ice sample 1n a soft test
machine where strengths can be considerably less than those measured by a suff machine It 1s
probable that peak strengths are never realized m the winter under accelerating strain conditions and
1ce stress could even approach the residual strength from below if the period of strain acceleration was
sufficiently long.
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Consider now the summer impact of a floe into a wide structure. This situation 1s quite
different from edge indentation tests since the contact area for the impact increases throughout the
penetration At 1niual contact there 15 a jump in veloaty The contact pressure is high but the total
load 15 small At inttial contact unconfined compressive strength 1s the appropriate parameter since the
strain 15 small and the ice 1s undamaged As penetration proceeds the contact area and total load
continue to ncrease while pressures decrease due to stramn softenung At large penetrations, residual
strength 1s the appropriate strength parameter In this example the maximum load would be associated
with residual strength rather than the unconfined compressive strength

From the above discussion 1t appears that the unconfined compressive strength has httle
significance for the calculation of global crushing loads on wide structures  Furthermore the reduced
strength (fcoc) 1s shown to consistently over predict the stramn softening actually observed in the
laboratory. It s recommended that the reduced strength be replaced directly by the residual strength
for global load calculatuons involving large strain - For wide structures (D/h > 10) where confinement

of the 1ce sheet 1s small, I=1 15 suitable Thus, the effective crushing pressure (P) on a wide structure 1s

P=0x (3

This effecuve pressure 1s independent of indentation velocity and only depends on
temperature It 1s assumed that the maximum global loads will occur from pure crushing (1 e , ductile
fallure) The presence of other faillure modes such as sphtting or buckling will act to relieve stress so
that the residual strength should be viewed as an upper bound

6. COMPARISON WITH MEASURED LOADS

There are two 1ce load measurement programs which can prowvide a comparison between
measured loads and predictions based on residual strength  Jefferies and Wright (1988) discuss the
forces from multi-year floes 1n contact with the Molikpag in the winter of 19§5-86 Danielewicz and
Blanchet (1987) describe the impact of multi-year floes against Hans Island during the summers of
1980 and 1981

6.1. Winter Loads

Table 1 summarizes the peak loads of four events which induced a dynamic response of the
Molikpaq All events except for the May 12 event had low velocities typical of winter conditions  The
May 12 velocity 1s described as 0.2 m/sec slowing to 0 m/sec. This description along with the late date
of the event indicates that the event is momentum driven which 1s more typical of breakup and summer
conditions Furthermore the May 12 1ce 15 described as first year with a multi-year inclusion whereas
the other events involved mului-year ice  Despite these differences the May 12 event 1s included here
since 1ts failure mode {crushing) 1s the same as the others
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Table 1

MOLIKPAQ LOADS

Failure v Peak Load Est Pressure Temp Res. Strength
Event Mode (m/s) (MN) (MPa) (deg C) (MPa)
Mar 07 Crushing 06 230 0.35 - 105 -10 142
Mar 08 Crushing .02 320 0.48 - 145 -10 142
Apr 12 Crushing 05 >500 >0 76 - 227 -5 1.28
May 12 Crushing 20 - 00 250 038 -114 -5 128

Effective pressure for the Molikpaq loads 1s estimated by dividing peak load by structure
diameter (D=110 m) and ice thickness  Thickness values are not reported by Jefferies and
Wright (1988) but Sanderson (1988) reports that the range 2m<h<6m 1s typical for multi-year ice in
the Arcuc. This range 1s used to obtam the range of effective pressures in Table 1 An average 1ce
temperature of —~10°C 1s assumed for the March events and a temperature of —5°C 1s assumed for the
Apnl 12 and May 12 events The residual strength for these temperatures provides a good upper
bound for effective pressure in three of the four events The failure to bound the April 12 event 1s
probably due to uncertainties in regard to floe thickness The upper limit on esumated effective
pressure results from an assumed floe thickness of 2 m It 1s possible that a floe of this thickness would
fail in buckling rather than in pure crushing

For comparison, the contact factors and effecuve strain rates recommended by Michel and
Toussaint (1977) and Ralston (1979) together with the unconfined strengths from Figure 1 are used to
estimate effective pressure. These values are shown n Figure 6 along with the values from Table 1 In
most cases the pressures estimated from unconfined compressive strength are approximately two times
the pressures estimated from the Molikpaq measurements

Molikpaq Loads
Effective Pressure (MPa)
ar Estimated
Pressure
351 A Residual
Strength
[e]
3F [ ]
u A Michel &
A Toussaint
251 . |
n Ralston
A
2k
15 o A
O
1h
05 F

Mar07 Mar08  Apri2  May 12
Fig 6 - Molikpaq loads.
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Other notable winter 1ce loads have been measured for first year ice events. Strilchuk (1977)
reports a maximum pressure of 1 1 MPa measured by pressure panels located 1n the vicinity of level
first year ice interacung with a rubble pile around Netserk F-40. Metge (1976) estimates that a
pressure of .83 MPa was required to move the artificial 1sland Adgo P-25 during the winter of
1975-76. If it is assumed that crystallographic disunctions between ice types diminish at large strains
due to damage, then the mulu-year residual strength for ~10°C (i.e., og = 1.42 MPa) provides a good
upper bound for the pressures quoted above.

6.2 Summer Loads

Table 2 summarizes the peak forces measured on Hans Island for direct uncushioned
mmpacts which produced the largest loads. The force history of each event 1s obtained from
accelerometers attached to the floe and an estumation of the floe mass However, 1n order to relate
measured forces to an effective pressure some assumptions about the pressure variation during
penetration and the evolution of the contact width are required.

Table 2

HANS ISLAND LOADS

Measured Simulated (n=15)
Event Vo h Dm Fm Py P(.94) D(.94)
(m/s) {m) (m) (MN) (MPa) (MPa) (m)
80/08/15 4 5.6 300 200 32 302 118.6
81/08/04 3 8 100 270 910 856 35.52
81/08/07 2 6 30 25 37 348 11.86

In therr discussion of the faillure modes for the direct uncushioned events, Danielewicz and
Blanchet (1987) observe crushing along with localized bending, cracking, and rubble formation as the
load rises to 1ts peak value At the end of this imual phase, a significant reduction n load 1s observed
and is attributed to a flexural failure over a larger area in the vicimity of the contact zone. Subsequent
failure 1s primartly ndging A schematc diagram of the force history for a direct uncushioned impact 1s
shown m Figure 7. Here T denotes the ume between mtial contact and the first flexural faillure The
force hustory for 0 < /T < 1 1s simulated in the following.
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Fig 7 - Schematic force history for direct uncushioned impacts at Hans Island

At minal contact we assume the contact width 1s zero and the contact pressure 1s at 1ts
maximum since the ice 1s initially undamaged  As penetration proceeds the contact width grows and
the 1ce softens At /T = 1 a flexural failure occurs Here the contact pressure drops to zero and the
contact width reaches its maximum value. These assumptions require the contact pressure to
monotonically decrease to zero and the contact width to monotonically increase for 0 < t/T < 1.
Two simple functions which satisfy these criternia are a quarter period cosine and a power law.

Using these simple functions, the imtial portion of the force history can be simulated by,

F(UT) = PDh = (POD,,,h)(%) cos(%), 0= % <1, )

where P, denotes the mmtial contact pressure and Dy, denotes the maximum contact width  Small
values of n yield peak forces near t/T = 0 while large values yield peak forces near t/T = 1 The force
hustory in Figure 7 indicates a large value of n 1s required. We arbutrarily choose n = 15 which yields a
peak force at t/T = .94. Normalized plots of contact pressure, contact width and force are shown n
Figure 8 for n = 15 The mmal pressure (Po) can be adjusted so that the maximum measured
forces (Fm) in Table 2 match the maximum value of Equation 4 Values of Py for each event along
with the effective pressure and contact width at /T = 94 are listed in Table 2.
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Fig. 8 - Normalized histories for contact pressure, contact width and force

The estimated effective pressure associated with the peak force (1e, P(. 94)) 1s plotted in
Figure 9 for each event. The uncertamnties reported by Dantelewicz and Blanchet (1987) for surface
area, acceleration and contact width translate into a 30 percent uncertainty n effective pressure.
Effective pressures estimated from residual and unconfined compressive strengths are also shown in
Figure 9 for comparison. These values are obtained by assuming an average 1ce temperature of -5°C.
The recommendations of Ralston (1979) and Michel and Toussaint (1977) are used to choose contact

factors and effective stramn rates. The mitial velocity v, 1s used to estimate strain rate since

1
%J F(%)d(%) 1s small compared to 1nitial velocity where m 1s the floe mass  Although the ratio
o

D(.94)/h 1s small for two of the three events, we assume the confinement 1s small and take I=1. This
assumption 15 supported by the elastic analysis of a diametrically compressed disk which shows an
almost constant tensile stress normal to the loading diameter. Further support 1s given by the tendency

for floes to split normal to the contact area under impact conditions.
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Hans Island Loads
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Fig 9 - Hans Island loads

In Figure 9, the predictions based on residual strength and unconfined compressive strength
show better agreement with each other since the residual strength and reduced strength, fco¢, are in
closer agreement at high strain rates. However, the residual strength prediction prowides a shghtly
better bound for the estimated effective pressures

Finally, Figure 9 illustrates the effective pressures estimated by Vivatrat and Kreider (1981)
for ndge building The residual stress and rnidge building pressures provide upper and lower bounds on
the estimated effective pressures inferred from the simulation. These bounds anise from consideration
of the mixed failure modes observed in the initial stages of the force history For thin floes, the
flexural rigidity would be small and buckling would dominate with little crushing present As thickness
increases, flexural rigidity increases and higher pressures are required to induce flexural failure. It 1s
expected that the upper bound on pressure would be the residual stress which represents a pure
crushing failure at large strains This point of view 1s supported by Figure 9 which shows the thickest
floe yielding the highest contact pressure.

This simple simulation 1s not intended as a proof but rather 1s presented as a heunsuc
argument to illustrate that ice structure interactions are processes mvolving strain softening and load
history which cannot be modeled with a single strength parameter. Indeed the mnitial contact stresses mn
Table 2 are similar to unconfined compressive strengths while the contact stresses at peak forces are
similar to residual strengths In this case the peak force 1s not associated with peak contact stress
which 1s contrary to the nouon that peak contact stresses/strengths yield peak loads

7. CONCLUSION

Arguments are presented which show the crushing equation as derived from sheet
mdentation tests 1s mnappropnate for estimating global crushing pressure on wide structures As an
alternative 1t 1s proposed that the residual strength measured in unconfined compression tests under
ductile condiions be used directly as an upper bound for global pressure on wide structures This
measure of strength agrees more closely with measured field data and makes for a more physically
consistent strength parameter.
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ABSTRACT

A connection between local and global ice loads 15 developed based on mechanical properties of
ice This connection suggests the observed varation in ice contact pressure with area as seen
between laboratory and field measurements to be entirely a function of strain history, rate effects,
and confining stress. Results from this paper discount the importance of assigning ice a size effect in
order to explain the observed difference between small and large scale ice contact pressures.
Mechanical property results are presented from tests performed to study the dependency of postpeak
ice strength on both confining stress and loading rate. Based on consideration of these and other
small scale test results, a physical connection 1s made between basic mechanical properties and the
observed variation i contact pressure during actual large scale indentation This connection 1s used
to develop a conceptual pressure-area model for crushing fallure This model suggests an inverse
relationship between pressure and area having an upper hmit which depends on the peak confined
compressive strength and a lower limit defined by the unconfined residual compressive strength  The
pressure values contained between these limits provide an upper bound for all failure modes. Based
on this model, the interpretation of existing field measurement data are studied and questioned

accordingly.

INTRODUCTION

Current industry and research trends towards explaining the discrepancy between local and global
ice loads have emphasized the existence of a size effect  Furthermore, the procedure used to
calculate both local and global loads has been to consider 1ce loading as a single event and not as a
continuous process In this paper, the observed variation 1 contact stress with area 15 studied, and,
instead, a connection between the ‘‘observed’” size effect and small scale mechanical property tests 1s
developed. Based on this connection, the calculation of 1ce loads will be shown to be a function of

the complete deformauonal process

Test results from a testing program to consider the effects of high loading rate and confining stress
on multyear ice strength are presented and discussed This program considered loading rates up to
10-'/sec and confining pressures up to 10 MPa. The results from this testing program are unique
and, to our knowledge, the only such results of their kind. These test results are used to develop a
conceptual pressure-area model which shows the observed variation 1n stress to result entirely from

differences 1n strain history, loading rate, and confining stress
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Because of the sometimes large disparity between measured and computed 1ce loads, there has
been a trend towards the direct use of measured field data as structure design criterta.  Although we
realize the need for realistic 1ce load criteria, we question the direct application of 1ce loads measured
in the field without a complete understanding of the physics or verification from models. In some
cases, measured ‘‘crushing’’ loads may not be upper bounds as a result of insufficient driving force or
else addition of other non-crushing failure modes.

We believe that peak 1ce loads for ice-structure contact with vertical, or near vertical walls, occur
from a crushing failure mode Our conceptual pressure-area model assumes pure crushing as the
failure mode and, for many applications, may represent an upper bound for these type of structures
Possibly, greater loads could result {from the addition of rubble pile formauon and/or ice clearing;

however, these are not considered here

This paper will begin with a discussion of the mechanical properues of ice considering variation 1n
loading rate and confining stress  Heuristic arguments are then used to develop a connection
between small scale test results and the vanation of contact pressure expected during indentation.
Based on this connection, a pressure-area model 1s conceptualized which shows the relationship
between global and local 1ce loads to be a funcuion of strain history, rate effects, and confining stress
Based on this conceptual model, the interpretation of existing measurement data are studied and
application questioned. Finally, conclusions and recommendations for future work are presented.

THE MECHANICAL RESPONSE OF ICE UNDER COMPRESSION

The mechanical response of ice under compression covers the whole range of material response
from ductile to brittle depending on 1ts rate of loading At low strain rate (¢), the response 1s ductile,
and the stress strain curve 1s characterized by a rise 1n stress to a peak value followed by a decrease to
a fairly constant post peak value The non-monotonic nature of the stress strain curve 15 due to
softening of the ice from progressive damage of the microstructure. Under umaxaal stress, the
dominant softening mechamism 15 mucrocracking  The stress stramn curve for ice under ductile
conditions can be characterized by two strength parameters (1) the peak strength (oy) which 1s
associated with small strain and undamaged 1ce, and (2) the residual strength (og) which 15 associated
with large strains and damaged ice  Clearly, under ductle conditions, the strength of ice depends on
history At high strain rates, the response 1s brittle, and the stress strain curve 1s characterized by a
sharp rise to a peak value where catastrophic failure of the sample occurs

Uruanial strength parameters for multiyear ice have been presented by Dornis (1989) and are
reproduced in Figures 1 and 2 for peak strength and residual strength, respectively The decrease in
strength at € =10-2/sec 1n Figure 1 and the absence of residual strength values at 10-2/sec in Figure 2
indicate that the ductile to brittle transition pomt for uniaxial stress 1s at approximately 10-3/sec.
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Fig. 2 - Unconfined residual strength (MPa) vs. strain rate (1/sec).

The effect of confinement on the mechanical response of ice 1s illustrated by developing yield
surfaces which typically plot the dewviatoric stress 04 - 03 as a function of confining pressure. Here,
o, denotes the axial stress of a cylindrical test sample, and 03 denotes the radial confimng stress.
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Yield surfaces are usually developed from peak strength values since those values are thought to
produce the largest loads A yield surface for multiyear ice developed from peak stress values is
shown in Figure 3 The uniaxial strength values are from Figure 1, and the confined strength values,

o3 # 0, are from four tests conducted 1n a tnaxial test program on multiyear 1ce

1.E-03/sec

1.E~02/sec
—A—

4+
2+

0 1 1 1 —1

] 2 4 6 8 10

T MPa
Fig 3 - Yield surface for peak multiyear strength

The same tests are used to develop the yield surfaces based on residual strength shown in Figure 4.
A notable difference between the two types of yield surfaces 1s that residual strength values do not
exist at low pressure and high strain rates. This 1s a direct result of the ductile to brittle transition and
implies that a generalized yield surface which accounts for strain hardening and softening should be
complemented with a failure surface which separates ductile response from brittle faillure. One such
failure surface i1s shown in Figure 4 which indicates that the presence of confinement shifts the

transiion pomnt to higher strain rates
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Fig 4 - Yield surface for residual muluyear strength

Previous work by Ralston (1978) and others has constructed yield surfaces from peak strength
\alues alone and made no distinction between yielding and faillure  As a result, only peak stress
values can be realized, and stramn softening, which 1s clearly demonstrated in the laboratory, 1s
ignored  This poimnt of view sees 1ce—structure Interactions as an event. Peak stress 1s reached and
failure occurs despite the observauon that ice can stil carry load in the post peak region over a wide

range of pressure and strain rate

The distinction between failure surtaces and yield suifaces suggests a different approach to
modeling ice—structure interactions  Under ductle conditions, the 1ce remains as a continuum  If a
suntable consututive model was avallable to describe the stress-strain behavior under ductile
conditions, then finite elements or other numerical techmques could be employed to solve boundary
value problems. The maximum load for a specific problem would occur when the solution falls on
the failure surface. This point of view sees ice structure Interaclions as a process myolving strain
softening and strain history over a range of strengths bound above by the peak strength and below by
the residual strength  Implementation of the approach would require mechanical tests under brittle
conditions to define the fallure surface and mechanical tests under ducule conditions to define
constitutive parameters, particularly the pressure, strain rate dependence of peak and residual

strengths

A CONCEPTUAL PRESSURE-AREA CURVE FOR ICE

Ice load calculations fail nto two categories: (1) local loads which govern the design of shell
thickness and bulkhead spacing, and (2) global loads which control the shding resistance of the
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structure. Contact pressures from local loads are typically high and occur over small areas, while
global pressures are much lower and occur over large areas. Local and global pressures are often
considered to be unrelated phenomena due to the large differences i their magnitudes. However,
from a physical point of view, 1t seems logical that, at intermediate areas, global and local pressures
should meet

Earlier 1n this conference, Dorris (1989) suggested the indentation stress for wide aspect, or D/t,
ratios to be a function of strain history For conditions of low confinement, Dorris showed the
mdentation pressure for large areas to be entirely a function of the unconfined residual strength, oy.
For these conditions, the peak strength, oy, 1s seen to be of relatively Iittle importance, since oy 1s
only realized during the mmnal contact stage at which time area 1s also small.

This work has been generahzed here to consider a muluaxial stress state  In the following, a
conceptual pressure area curve is developed to provide a connection between local and global
pressures  The connection is based on consideration of the stress-strain curve obtained under ductile
conditions.

Consider first small areas. Contact with small areas 1s usually associated with imtial contact, and,
as the indenter penetrates into an ice feature, the iniual contact stress 1s expected to be high. Here,
the ice 1s undamaged and the strain 1s small The appropniate strength parameter n this case 1s the
peak strength 0y. Since oy 1s rate dependent, the contact pressure should also be rate dependent.
Small contact areas are usually highly constrained by surrounding ice so that the contact pressure
would also be sensitive to confinement. Thus, for small areas, the contact pressure would have the
functional form, P = f(oy, €, 03) An example of this case 1s the crushing equation developed from
sheet indentation tests  Here, confinement 15 accounted for by the indentation factor, rate 1s
accounted for by the contact factor, and strength 1s accounted for by the unconfined compressive
strength.

Consider now large areas To generate contact over large areas of a structure, large deformation
and significant damage of the 1ce feature are hkely to have occurred Here the residual stress 1s the
appropriate strength parameter For suffictently large deformations, the stress strain curie 1s flat, and
memory of peak stress has faded. Thus, history effects can be ignored.  Large contact areas wall
cover the full thickness of most 1ce features and extend laterally for distances many tumes greater
than the thickness, so that the effect of conftnement 1s likely to be small The residual strength with
zero confinement has previously been shown to be rate independent  Thus, for large areas a
conceptual model for contact pressure would be P = f(or)  Dornis (1989), for example, has argued
that P = oy is an upper bound for large contact areas

Data and empurical models (e.g., crushing eqn and Dorris, 1989) exist for both large and small
scales. The model for each extreme chooses as its strength parameter a characteristic value
measured from small scale mechanical tests under ductle conditions Inturively, 1t seems that, at
Intermediate contact areas, ice strength would vary between the two strength parameters. A model
for intermediate areas would necessarily be more complex than the examples discussed above since
strain-softening and load history would be required to describe the transition n strength. For
monotonic loading, the current strain is a sutable measure of these effects. Since om and oy depend
on pressure and strain rate, 1t 1s expected that contact pressure at intermedate areas would also
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depend on confining pressure and strain rate. Thus, a conceptual model for contact pressure at
intermediate areas would be P=f(0r < 0 < Ou, € €, 03) An example of this model would be the
one proposed 1n the previous section The dependence on strain would describe the evolution of the
yield surfaces 1n Figure 3 to the yield surfaces in Figure 4 provided that the stress state remains
bounded by the failure surface

Based on this work, the conceptual pressure summarized in Figure 5 has been developed.
Annotated on this figure are regions of small, intermediate, and large contact area and the assoclated
functional form expected for mndentauion pressure. The model proposed for intermediate areas 1s
sufficiently general to cover the entire range of contact area. In the extreme limuts of small and large
areas, the mtermediate model should produce results sumilar to the simpler empirical models
proposed for these extremes Figure 5 serves only to illustrate where different approaches are
applicable and what vanables are important  The terms “small” and “large” are relauve to specific
applications and should not be taken out of context. We refer to small as apphications involving small
stramn, undamaged 1ce, and high confinement and large as applications involving large strain,
damaged ice, and low confinement The actual pressure for a given area can only be determined by
a particular application. For this reason, we question the wisdom of plotung contact pressure solely
as a funcuion of contact area without regard to boundary conditions, geometry, strain history, etc.

CONCEPTUAL PRESSURE vs. AREA CURVE
FOR
PURE CRUSHING

P

Small Area Intermediate Area Large Arec

Small Area f(oy.03,€)

f(op<o<oy,03,&,¢)
f(or) =ow

Intermediate Area : P

Large Area

Fig 5 - Conceptual pressure-area relationship
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COMPARISON WITH EXISTING PRESSURE-AREA OBSERVATIONS

The observed dependency of small scale peak~ and postpeak-ice pressures on confining stress
seriously questions the validity of a single pressure-area relationship.  Sanderson (1986) has
suggested such a relatonship based on ploting much of the publicly available 1ce load measurements
onto a single figure. This figure 1s reproduced here as Figure 6. The inverse relationship between
pressure and area observed 1n this curve has been attributed by both Sanderson (1986) and Hallam
(1986) to 1ce having an inherent size effect  Croasdale (1988) has further tried to incorporate failure
mode variability to explain the obsersed data

FRESHWATER ICE
= Laberatory (S—2) & lake ice
1000 * River bridge plers

FIRST YEAR SEA ICE
< i R o Laboratory & In situ tests
= 100E Molikpaq Pressure Range = Islands & structures
& C MULTI YEAR SEA ICE
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7 E % < Meso—scale models
& F i
o 1k e - -
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= 9 i Range
< 'E :
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CONTACT AREA m?

Fig 6 - Pressure~area relauonship after Sanderson (1986)

We believe that the observed relatonship between pressure and area can be explained by the
conceptual pressure-area model developed in the foregoing section  Pressures from this model
should provide an upper bound since only crushing pressure 1s considered  As has been discussed,
lce strength for a given area 1s a function of strain history, rate effects, and confining stress.
Depending upon the relative influence ot each of these effects, different pressures could be observed
for similar contact areas. The influence of confining stress can be seen by study of Figure 7 For the
two geometries shown in this figure, the contact stress for the partially confined case 1s expected to be
less than that for the fully confined case The influence of strain history can be seen by study of
Figure 8. The contact stress beneath the parually embedded indenter 1s expected to be less than
beneath the indenter 1n mmual contact with the ice surface. This difference 1s expected based on the
strain history of the partially embedded case These two examples show contact stress to be a
non-unique function of area. For small and intermediate areas, the resulting contact stress for all of
these geometries is expected be a function of loading rate as shown by the small scale triaxial test
results.
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Considering the values plotted in Figure 6, these data essentally fall into two categories small scale
and large scale Intermediate scale areas are not discussed in the context of the Figure 6 data since
we question 1f measurements over intermediate scale areas as defined here have ever been made In
the following, these data values, for small and large scales, are briefly discussed and placed in context
with the pressure—area model conceptuahized here

The small scale data plotted 1n Figure 6 are derived primanly from laboratory tests, icebreaker
impact tests, and field measurements Based on the foregoing study of the mechanical behavior of
1ce, these high pressures most probably result from a combination of high confining stress and rapid
loading rate The triaxial tests presented here have peak strengths well below the maximum pressures
shown n Figure 6, but this 1s due to nsufficient confining pressure and loading rate  Jones (1982)
conducted triaxial tests with confining pressure up to 40 MPa and strain rates up to 1.4 x 10-2/sec.
Those results are more 1in line with the maximum pressures in Figure 6 In the case of the 1ce
breaker tests, contact pressure values need to be used with caution since pressures assoclated with
larger areas may be ship energy imited. For the case of field indentation pressures, data values are
for small aspect rattos and good mitial contact with undeformed 1ce These conditions are consistent
with our notion of *‘small’’ and correlate with peak triaxial strengths despite large differences in
actual contact areas.
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The large scale data plotted in Figure 6 are denved primarily from Hans Island and for very large
areas are inferred from mesoscale ice dynamic models An additional grouping of data values has
been plotted on this figure corresponding to the observed peak stress range inferred by Dorris (1989)
from Gulf Canada Molikpaq data pubhshed by Jefferies and Wright (1988). As discussed by Dorris,
the stress range computed from the Molikpaq data 1s very similar to the contact stress that would be
predicted from the unconfined residual compressive strength  For reference, the unconfined residual
compressive strength from small scale tests has been superimposed onto this figure. The horizontal
Iine shown corresponds to a residual stress range between 1 28 and 1 71 MPa for ice temperatures of
~5 and -20 degrees, respectively The magnitude of the 1ce pressures inferred from the Molikpag
measurements are expected based on the conceptual pressure—-area model postulated here. For the
Molikpaq contact conditions, the aspect ratio of the contact area 1s large and so are deformations.
For these conditions, confinement 15 expected to be mmnimal, and the contact stress 1s expected to be
dominated by the unconfined residual strength, oy

The inclusion of data from Hans Island in Figure 6 ilustrates the importance of considering failure
modes. These data, which show lower stresses than those inferred from the Molkpagq, correspond to
multimodal failure conditions As discussed by Dorris (1989), the unconfined residual stress should
serve as an upper bound to these data Additionally, the drniving force m the Hans Island data 1s
limited by the available kinetic energy Most of the Hans Island impacts also involved glancing blows
or were cushioned by smaller floes.

Finally, the pressure—area relationship postulated here 15 not expected to be valid in the mesoscale
region 1dentified in Figure 6. This region includes refrozen leads and polynas The stress to close
these features may be governed by sheet ice buckling rather than by pure crushing as considered n
the pressure-area model conceptualized here

CONCLUSION AND RECOMMENDATIONS

Arguments have been made, and a conceptual model postulated, showing a connection between
local and global crushing loads for ice. Using triaxial test results, a relationship has been shown
between this pressure-area relationship and small scale laboratory test data This model suggests an
inverse relationship between pressure and area having an upper imit which depends upon the peak
confined compressive strength and lower It defined by the unconfined residual compressive
strength

Qualitatively, the model provides a physical understanding of the observed variation in pressure
with contact area. This model 1s expected to provide a realistic upper bound for observed ice
pressures across the entire range of indentation geometries considered. Finally, companson of
measured field data to this postulated pressure-area curve suggests that, 1n some 1instances, measured
values may be lmited by failure modes other than crushing and, thus, are not necessarily assoctated
with maximum pressure

The triaxial test data described in this paper are part of a larger set of test results recently obtained
by Shell Development Company. To our knowledge, these tests represent the only such results of
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therr kind. Ongoing work plans include the application of these results into the development of a
realistic constitutive model for ice and planned future implementation mnto a multipurpose finite

element code
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PARAMETRIC STUDY OF ICEBERG IMPACT LOADS

Dat Duthinh Centre for Cold Ocean Resources Engineering
Group Leader, Memorial Universaity of Newfoundland

Ice Engineering St. John's, NF, AlB 3X5 CANADA

ABSTRACT

An analytical model was used to investigate the influence of various
parameters on the load caused by the impact of an 1ceberg on a gravity
based structure. The most important parameters are the velocity and the
indentor shape of the 1ceberg. Therefore, more field observations of
these quantities are recommended. Also, 1ce strength 1s important. The
variation of strength at small contact areas 1s umimportant and the use
of strength values at high contact areas 1s recommended. Collisions occur
mostly 1n the brittle range where ice strength 1s independent of strain
rate. However, 1in the final stages of the collision, the variation in ice
strength with strain rate may affect the maximum i1mpact load.

It is possible to control the geometry of the collision zone to some
extent by surrounding the structure with load attenuators, which slow the
colliding berg down gradually. In general, the simplifying assumption
that all load attenuators 1involved in an impact behave 1identically 1s a

good assumption.
1. INTRODUCTION

Iceberg aimpact loads are one of the design criteria for the gravity
based structure (GBS) proposed for the Hibernia o1l field offshore
Newfoundland. The calculation of a design load for 1ceberg impact must
account for the random characteristics of 1cebergs. To this end various
probabilistic models have been proposed [Duthinh and Fuglem (1988),
Johnson and Nevel (1985)}. This study takes a different approach and

establishes the sensitivity of impact loads to various properties of
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1cebergs as well as of the structure and its foundation. The parametric
study, undertaken with a computer model described below and a range of
variables deemed reasonable, shows which parameters influence the impact
load the most and therefore, deserve further definition by field
measurements.

The geometry of the i1nteraction turns out to be a significant factor in
the impact load and 1s studied in some detail for the case of a structure

equipped with load attenuators.,

2. IMPACT LOAD MODELS
Closed Form Model
Much insight can be gained from a simple model which accounts for the
most important physical aspects of the iceberg-fixed structure collision
problem. In the case of a tabular (rectangular) iceberg with a constant
1ce crushing strength colliding head-on with a triangular indentor, the
impact force ¥ 1s (Duthinh, 1984):

2U el

l+1+1+1
Ki Kl Kt Kr

where U = kinetic energy of the berg
= 2 sb tan a = ice-structure interaction stiffness
K, = structure stiffness

K, = 16(1-V)ER = foundation translation stiffness
(7-8V) (1+v)

K_ = __ 4ER3 = foundation rotation stiffness
3hz (1-v3)

2a = angle of load attenuating wedge

b = vertical contact length (berg height)

s = 1ce crushing strength

E = soil elastic modulus

V = s01] Poisson's ratio

R = foundation radius.

This equation assumes elastic behaviour of the structure and its
foundation and is thus valid, as a first approximation, at the operational
stress level. The ultimate resistance of the structure would call upon
permanent, plastic deformations and the above equation would no longer

apply.
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Equation (1) shows that the energy absorbed by the various mechanisms

1nvolved (1ce crushing, structure and foundation strainang) depends on the

relative stiffness of these mechanisms. In most cases K, << K, K, K_and
(1) may be approximated by
1 1
F = (2KU)? = (4sbU tan a)* (2)

In other words, the structure and foundation are assumed rigid and the
impact 1S entirely absorbed by ice crushing. Equation (2) shows that the
1ce strength, the kinetic energy of the berg, the depth of contact and the
tangent of the indentor angle play equally important roles in determining

the impact force.

Computer Model

A computer model was developed (Duthinh and Marsden 1986) for more
general 1interaction geometries, 1ncluding eccentric aimpact, impact on
several load attenuators of various shapes, variations an ice strength
with contact area and depth of penetration. This energy model is
implemented 1n a time-stepping computer program where, at each incremental
1ceberg penetration, the volume of crushed i1ce and the contact area are
calculated, from whach force and energy are derived. The difference in
the kinetic energy of the 1ceberg at the beginning and the end of a time
step 1s equated to the structure kinetic energy, the energy used in
crushing the 1ce, and 1n straining elastically the structure and 1its

foundation.

3. ICE STRENGTH

Various 1ce strength models can be used in the above computer model,
The simplest 1s the constant strength model. A more sophisticated theory,
developed by Kheisin et al., (1976) assumes that a crushed i1ce layer forms
between the structure and the unbroken i1ce and that this layer flows 1n
a viscous manner. Nevel (1986) compares the constant strength and the
viscous theories for drop ball tests and concludes that the difference
between the key values for the two theories is small. The constant
strength theory 1s recommended for 1ts samplicity. Tunik (1987) uses the
static crushang strength for low velocity impacts and the viscous theory

for high velocity ampacts.
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Effect of Contact Area

It 1s well known that 1ce strength o_ decreases as contact area A
increases (Sanderson, 1988). The largest tests of 1iceberg crushing
strength were conducted at Pond Inlet and remain proprietary (Johnson and
Benoit, 1987). To study the effect of constant area, the impact model was
exercised with the following strength-contact area relationship obtained

from sea ice (Karp, 1980):

0 <A< 4,65m 6. = 6,90 MPa
4.65 S A < 37.16 m? o = -4.58 log A + 9,96 MPa (3)
37.16 £ A 6 = 2,76 MPa

How close this model comes to describing iceberg 1ce cannot be evaluated
at this time because of lack of data.

Comparison of the impact forces obtained by using the Karp model and a
constant ice strength of 2.76 MPa shows no difference. The reason 1s, the
contact area gets large early i1n the impact and the greater ice strengths

at small contact areas have vartually no influence.
Effect of Strain Rate

Lachance and Michel (1987) measured the crushing strength of 1ceberg 1ce
at various strain rates 1n the brittle range. Based on small samples
obtained from three icebergs they showed that, at strain rates exceeding
3x10-3 s-*, the strength remained constant, between 4 and 5 MPa., The
initial stages of most collisions involve high iceberg velocities v and
low contact width b and thus fall in the high strain rate (¢ = v/4b),
constant strength region. Only the final stages of energetic collisions,
1nvolving low velocities and high contact width would fall outside this
region. However, since the maximum impact force 1s governed by the final
stages of the impact, the peak 1n ice strength in the transition region,
at about 1072 st could be amportant, Further study on the effect of strain

rate requires a definition of strain rate better adapted to three-

dimensional contact than ¢ = v/4b,
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Effect of Temperature

As the structure penetrates 1nto the 1iceberg, 1t encounters 1ice at
different temperatures, and therefore, different strengths. Diemand
(1984) noticed that the colder ice of the core (between -15 and -20°C) lies
closer to the surface of a berg 1n warm water than in cold water, due to
the more rapid ablation of the warm, outer layers in warm water. Goodrich
(1987) measured temperatures on three icebergs. The greatest temperature
gradient occurs 1n the outermost 4 or 5m which also show the greatest
seasonal fluctuations. Below 15m the temperature 1s virtually constant
at -10 * 2°C for two 1cebergs and slightly warmer for the third.

Lachance and Michel (1987) propose the following relationship between
temperature 8 in degree C and the crushing strength o, (MPa) of 1ceberg 1ce
in the brittle range for a constant strain rate

6_ = 2.50 + 1.19 |6]o-5s (4)

In the following example, the impact model assumes, for simplicity, a

linear increase in strength with penetration depth d

6 =7.0+0,75d MPa d < 4,0m (5)

<

6_ = 10 MPa d 2 4.0m

An 1ceberg of mass 7.5 x 10° kg (including added mass) impacts a GBS at
0.5m/s. The "prow" of the berg is modelled as a horizontal wedge indentor
of angle 112° whereas the structure is either a vertical wedge shaped load
attenuator of angle 90° or a circular load attenuator of radius 8.4m.
(Sonar profiles of icebergs show that wedge shaped indentors are not
uncommon). The following maximum impact force F, the impact duration t

and the maximum penetration d are obtained.

F(MN) t(s) d(m)
Triangular attenuator
Constant o_ = 7.0 MPa 544 13.7 5.12
o_as in (5) 612 12.0 4.54
Circular attenuator
o_as 1n (5) 748 8.27 3.03

The assumption of constant 1ce strength equal to its surface value can
underestimate the impact force significantly depending on the temperature

and strength gradients with depth.

496



4, PARAMETRIC STUDY

Parameters were varied about the four following base cases all involving

the same berg:

Berg mass = 10 million tonnes (including added mass)
Berg velocity = 0.5 m/s

Ice strength = 7,0 MPa

Four different geometry combinations were studied, resulting in impact
force F:
a) A truncated wedge shaped berg of angle 28 and snub length 1 versus
a triangular indentor of angle 2a.
o = 45° B =56° 1 =6,0m F = 713 MN
b) A truncated wedge berg versus a cylandracal indentor of diameter D.
D=16m B =56° 1 =6.0m F = 891 MN
c) A wedge berg versus a triangular indentor.
a = 45° B =56° F = 659 MN
d) A wedge berg versus a circular indentor,
D=16m B = 56° F = 778 MN
The parameters are realistic and based on the author's consultation with

various 1industry sources.
Results

The results depend on the choice of the base case and the range of
variation of the parameters. In Figures 1-4, the steeper the curve, the
more sensitive the 1impact load to the parameter considered. Iceberg

velocity and indentor shape are the most important parameters.

5. IMPACT ON SEVERAL LOAD ATTENUATORS

The parametric study shows the 1importance of the geometry of the
colliding bodies. In this section, a more detailed model 1is developed
that accounts for impact on several 30 degree wedge load attenuators. Due
to the overall curvature of the structure, impact does not usually occur
simultaneously but rather, consecutively on adjacent indentors, nor is the
angle of attack the same., However, calculations are greatly simplified

1f all attenuators can be treated identically in a multiple indentor
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ampact. Thas will be referred to as the straight structure, simultaneous
impact case. [These load attenuators are assumed rigid, in contrast to

the low strength bumpers proposed by Wishahy (1987)].

Impact on Two Adjacent Load Attenuators (Fig. 5)

The 1ceberg chosen for this example has a mass of 4 million tons, a
velocity of 0.5 m/s, a rectangular vertical contact depth of 10m and a
constant 1ce strength of 4.0 MPa.

Case Penetration Depth (m) Impact Force (MN)

Single attenuator 3.54 283
1) Two attenuators,

straight structure,

simultaneous impact 2.50 400

2) Curved structure,
symmetrical impact 2.47 405

3) Curved structure,
consecutive impact 3.05 395

Impact on Three Adjacent Load Attenuators (Fig. 6)

Such an impact requires deeper penetration. Therefore, the example berg

1s doubled 1in mass to 8 million tons and the vertical contact depth halved

to 5 m.
Case Penetration Depth (m) Impact Force (MN)
Single attenuator 7.07 283

4) Three attenuators,
straight structure,
samultaneous 1mpact 4.08 490

5) Curved structure,
symmetrical impact 3.48 500

6) Curved structure,
asymmetrical impact 5.53 421

It 1s clear that only a very energetic 1ceberg with a sharp profile can
indent to the depth required by case 6). 1In case 6) the third attenuator
only gets hit near the end of the collision, at an angle much different
from the first attenuator. This explains the relatively large difference
between the impact force obtained in 4) and 1n 6). The 1ceberg is assumed

to continue 1n 1ts linear path without rotation during the impact.
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Impact on Four Adjacent Load Attenuators (Fig. 7)

The same 1ceberg is used as with three attenuators.

Case Penetration Depth (m) Impact Force (MN)

7) Straight structure,
simultaneous impact 3.54 566

8) Curved structure,
symmetrical impact 4.61 540

The 1ndentors are not deep enough to allow the case of four indentors

being hit one after the other.

Discussion

The load attenuators work by slowing the 1ceberg down gradually and
decreasing 1ts kinetic energy over a longer time and distance than for a
bare structure. Large collisions would involve several attenuators, the
effectiveness of which 1increases with their number, for a given geometry.
The assumption that all load attenuators involved in an impact behave

1dentically 1s good, thus simplifying calculations.
6. CLOSURE

An analytical model was used to investigate the influence of various
parameters on the load caused by the impact of an 1ceberg on a gravity
based structure. The most important parameters are the velocity and the
indentoy shape of the 1ceberg. Therefore, more field observations of
these quantities are recommended. Also, 1ce strength 1s important., The
variation of strength at small contact areas 1s unimportant and the use
of strength values at high contact areas 1s recommended. Collisions occur
mostly 1in the brittle range where ice strength 1s independent of strain
rate. However, in the final stages of the collision, the variation 1in ice
strength with strain rate may affect the maximum impact load.

It 1s possible to control the geometry of the collision zone to some
extent by surrounding the structure with load attenuators, which slow the
collading berg down gradually. In general, the assumption that all load

attenuators i1nvolved in an i1mpact behave 1dentically 1s a good assumption.
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AN ICE-STRUCTURE INTERACTION MODEL
BASED ON OBSERVATIONS IN THE GULF OF BOTHNIA

Alf Engelbrektson VBB-SWECO
Box 5038
S-102 41 STOCKHOILM
SWEDEN

ABSTRACT

On the basis of experiences from studies of ice-structure interaction in
the Gulf of Bothnia a model has been outlined for the characterization

of periodic ice forces associated with resonant structural vibrations.

A generalized ice force time-history is proposed to be used for engineering
purposes, and the model is discussed in terms of ice mechanics. It appears
that the basic features of the model are of a generic character and that
the suggested ice force equations are relevant, in principle, to cases

of static as well as of dynamic structural response.

1. LONG-TERM STUDIES OF ICE-STRUCTURE INTERACTION

For about 30 years ice action on offshore lighthouse structures in the
Gulf of Bothnia has been increasingly studied. Largely, each decade repre-
sents a specific stage of development.

During the 1960's the studies were quite unsophisticated: simply a follow-
up of the performance of the structures when affected by drifting ice,
ice-piling, icing etc. On the basis of the rather poor knowledge of ice
action at that stage and, apparently, a portion of good intuition, ice
forces were predicted rather closely to the optimum risk level. A few
cases of damage gave fairly clear indications as regards particular ice
conditions, requiring adjustments of the design loads.
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puring the 70's the problem of ice-induced vibrations was realized and

the most strongly affected structure was instrumented. Vibration records
sampled during that decade, together with the continued follow-up and analy-
sis of a few cases of static and dynamic overloading of Finnish and Swedish
lighthouses, improved the understanding of ice-structure interaction consi-
derably.

During the 80's the studies have been expanded appreciably, quantitatively
as well as qualitatively. Taking advantage of the Gulf of Bothnia as a
convenient facility for Arctic research, several independent ice study
projects with international participation have been conducted and some
are in progress. The product is a continuous inflow of parametrically
well-defined data and subsequent improvements of the bases for ice-force
predictions for Arctic areas, whereever the fundamental ice parameters
can be quantified and where ice conditions are not essentially different
from those prevailing in the Gulf of Bothnia.

2. RECENT STUDIES

In 1985 the studies of ice-structure interaction were intensified in that

a joint study project was agreed between Arco, Exxon and Mobil (USA), Nor-
wegian Contractors, Canadian Coast Guard, Mitsubishi, the Swedish National
Industrial Board, Hamburgische Schiffbau-Versuchsanstalt and VBB. The

latter two companies, cooperating with the Swedish Administration of Shipping
and Navigation and with the University of Luled obtained financial and
advisory support for a comprehensively extended field study of ice-structure
interaction, by employing some large lighthouses in the Bothnian Bay as
objects for data sampling and other abservations.

The instrumentation of the lighthouses was improved and during a three
years' period the database was greatly enlarged, and suitable analysis
methods were developed for transformation of measured structural response
to ice forces. Since the instrumented lighthouse structures serve, in prin-
ciple, as full-scale elastic obstacles and measurement devices with cali-
brated constitutive properties, static as well as dynamic relations between
the structural response and the ice forces can be determined within uncer-
tainty ranges that are judged to be quite acceptable from an engineering
viewpoint.,

505



Two years of development, including trial operations and refinements, re-
sulted in an elaborate system for data acquisition and processing, based
on the following elements:

* Accelerometer and inclinometer systems including computers, filters,
tape recorders, etc, for sampling of response data in the form of records
of acceleration and inclination (in principle two types of accelerograms).

Figure 1. Sampling of ice data in connection with an event of indentation
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* yideo camera systems, coordinated with the above systems, for observation-

of ice movements etc.

* Signal processing procedures especially developed for the analysis of

the rather complex data records, involving separation of signals in respect
of frequencies as well as directions. (The lack of reference points on

the open sea and the strongly vibrational character of the structural re-
sponse necessitate that very small gravity related signals must be distin-
guished in the inclinometer records, containing predominantly signals caused
by horizontal inertia due to the strong vibrations.)

* Constitutive models of the lighthouses, calibrated by pull tests etc,

for transformation of response data to ice force time-histories.
* Field sampling and laboratory investigation of ice data (Figure 1).

3. ICE FORCE TIME-HISTORIES DERIVED FROM RECORDS OF OBSERVED STRUCTURAL
RESPONSE

The records of structural response data and the corresponding ice force
time-histories studied so far present a fairly clear picture of the mecha-
nism of ice-structure interaction from the mechanical point of view. On
the basis of these data the mechanism can be modelled mathematically in
terms of ice force and response time-histories. By selecting simple charac-
teristics, such as the maximum and minimum ice forces as key parameters,
the relationships can be normalized, resulting in a set of ice force expres-
sions for engineering applications.

Obviously, the type of ice-structure interaction that involves dynamic
structural response and, particularly, resonant vibrations is a more complex
manifestation of ice action than stationary ice pressure or steady-state
indentation. This presentation will still originate from the dynamic type
of ice structure interaction and it will be demonstrated, that the various
types of ice action are closely related. By way of introduction some ice
force records from a large offshore lighthouse in the Bothnian Bay are
shown. The diameter of the cylindrical structure is 7.2 m (Figure 1).
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Figure 2. Condensed ice force time-history from an event of indentation
through an ice floe drifting with a speed of 0.04-0.06 m/s. Four different
phases are observed: Initial indentation with increasing interface width,
steady-state indentation without major structural dynamics, indentation
associated with a greatly fluctuating ice force and, finally, a phase of
load decay.
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Figure 3. The sequence 140-150 s from the above record displayed in an
extended time scale together with the corresponding time-history of struc-
tural displacement at the ice force level. (Positive for displacement in
the ice force direction.)

During this short sequence the ice-structure interaction changes from
an almost "static" mode to a mode associated with periodic fluctuation
of the ice force as well as the structural displacement. The latter phase
is initiated by a sudden load peak followed by a load drop. The correspond-
ing amplitude of the structural response motion is sufficient for starting
the periodic phase of the ice-structure interaction, associated with increas-
ing amplitudes of structural deflection until energy equilibrium is reached.
The frequency of vibration is very close to the fundamental natural frequency
of the structure and the vibrations are of a typically resonant character.
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The study of numerous records of strong vibrations and associated periodic

ice forces has provided unambiguous evidence on the following points:

* When an ice cover is being indented by a flexible structure and fails
mainly in a crushing mode, so-called self-induced vibrations occur frequent-
ly. The resonant vibrations are coupled to a periodic fluctuation of the

resultant ice force.

* If the drift speed is not much lower than the maximum velocity of the
structural vibrations, the frequency of the predominant structural oscilla-
tions determines the frequency of the load fluctuations. Obviously, the
structural vibration induces the periodicity of the ice force, that in

turn amplifies the vibration and so on, until the energy consumption due

to damping becomes equal to the energy input from the resonant load.

* When the vibration amplitudes are below the threshold, where the periodic
interaction becomes significant, the resultant ice load also fluctuates,
but the amplitudes are comparatively small and the fluctuations are more
irregular. The character of the load is almost the same for a rigid struc-
ture as for a flexible one and the deflection of the latter is essentially
static. Whereas a distinction is made betwen static and dynamic structural
response during indentation, it should be kept in mind that the ice force

during indentation is always more or less dynamic.

* The most important feature of the ice force time-history during periodic
indentation associated with resonant vibrations is the sudden drop of the
resultant force after reaching the peak of each load cycle. Another impor—
tant observation is that the time-averaged resultant ice force appears

to be essentially equal to the ice force during non-periodic indentation
of the same ice-floe. The maximum, mean and minimum ice forces (Fmax'

FO, Fmin) are therefore suitable key parameters for characterization of

a sequence of periodic as well as non-periodic ice-structure interaction.

* The periodic ice force can be characterized in a spectral form, by means
of Fourier analysis, i.e. by breaking down the force time-history into
component sine waves, the amplitudes and phases of which can be represented
in a spectral form. In Figure 4 the power density spectrum of the sequence
previously displayed in Figure 2 is shown as an example. The spectrum clear-
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ly demonstrates the strong coupling between the structural oscillations

and the ice force fluctuations. The component waves of the ice force time-
history have their frequencies predominantly concentrated at the fundamental
structural frequency 2.34 Hz and its multiples, an observation that will

be further referred to, when generalizing the ice force time-history for
design purposes.
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Figure 4. Typical power density spectrum of ice forces associated with

resonant structural vibrations.

2. OBSERVED BEHAVIOUR OF DRIFTING ICE DURING INDENTATION

The following observations are based mainly on studies of video records

from events of strong ice action associated with continuous as well as
periodic indentation of ice-sheets with thicknesses of 0.5-1.0 m. Occasional
direct visual observations are also referred to.

* The load limiting mode of ice failure is crushing. Occasionally, the
load limit is set by splitting, associated with more or less radial cracks
(seen from the centre of the structure). However, splitting does not occur
continuously and can therefore not be relied upon for design purposes.
Consequently, crushing across the whole width of the structure can be re-
garded as the ultimate load limiting mechanism, at least when dealing with
conditions similar to those prevailing in the Bothnian Bay. In waters where
there are multiyear ice ridges the utlimate loads exerted by such ridges
are sometimes limited by other failure modes than crushing, but in other
respects the Bothnian Bay conditions are broadly representative for Arctic
areas.
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* The crack propagation and crushing take place within a short distance
from the ice-structure interface. Normally, it has the character of pulve-
risation of the ice. From laboratory experiments we have learned that
such a pulverisation is the final phase in a course of initial fracture
growth, progressive cracking and final collapse of the ice structure.

* Obviously the cracking and pulverisation are more or less outspread in
space and time, which is associated with a corresponding limitation and
variation of the interface contact. At a certain instant the contact is
concentrated at limited spots or zones. At each zone the ice is stressed

to a condition between ductile strain and cracking, and the phases are

more or less different from one zone to another. This phase difference

or non-simultaneous failure is a key feature in our following considerations.

* Basically, the large scale mode of ice failure appears to be that of
crushing in case of static structural response as well as in case of strong
vibrations. The non-uniform distribution of failure zones has sometimes
been discerned in the video records, but the resolution is, of course,

not sufficient for allowing details such as the periodicity of the crushing
and the local phase difference to be distinguished.

5. A GENERIC MODEL OF ICE-STRUCTURE INTERACTION

It is particularly in the light of recent experiences from the field studies
in the Bothnian Bay that all the findings seem to converge towards basically
one single mode of ice-structure interaction during indentation. Based

on a few variants of that mode, simple explanations can be found for various
forms of interaction such as steady-state indentation, periodic indentation
associated with strong structural vibrations and even interaction with
unbroken ice to some extent.

A generic model of ice-structure interaction is therefore proposed, with

reference to the following categories of supporting material.

* The above-mentioned observations of the mode of ice failure and the obser-
vations of structural response and ice force time-histories, enabling a
mathematical characterization of "static and dynamic" ice forces against
structures in the Bothnian Bay.
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* Current knowledge regarding relations between ice strength, strain and
strain-rate as well as reported observations concerning apparent relations
between ice forces and the size of the interface area, the aspect ratio

etc.

* Observations and qualitative explanations, admittedly hypothetical to
some extent, regarding the details of the transient ice stress and failure
conditions close to the interface.

The model has the following basic features:

* During the course of indentation the contact between the ice and the
structure is predominantly concentrated at local zones, the location of
which vary with time.

* At each temporary contact zone the ice undergoes at least one cycle of
transient conditions, from increasing stress associated with ductile beha-
viour to cracking and pulverisation. The load cycles at different contact
zones are more or less out of phase.

One extreme is a random phase distribution (although there is, most likely,
a certain coupling between adjacent contact zones due to interactive stress
conditions). The opposite extreme is synchronized load cycles at the various
contact zones,

* During a course of steady-state indentation (when the indentor does not

oscillate) the local zones are consecutively undergoing their individual
stress cycles, the rate being determined by the ice drift velocity. This
parameter also determines the strain-rate and, therefore, it probably in—
fluences the ice strength and the amplitude of the contact forces. Since
the time distribution of the load impulses, represented by the local contact
forces, has a random feature, the global load on a large interface area
will be rather uniform and correspond to the average contact force. 1In
case of a smaller interface and only a few contact zones, the majority

of the contact forces may be in phase occasionally and the global force

is likely to be fluctuating irregularly. The maximum effective contact
pressure will exceed the pressure associated with a large area. For other-
wise homogeneous ice conditions the maximum value will be determined by
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the ice drift velocity and the random phasing, thus by the duration of
the indentation.

The widely observed size effect on the effective pressure may thus be ex-
plained by the phase distribution of local contact forces. However, for
narrow indentors the effect of confinement due to unstressed ice adjacent
to the interface should not be neglected. There are strong indications
pointing at confinement effects in some cases of over-loading when narrow
structures have been damaged. The aspect ratios have, however, not exceeded
the order of 4 in those cases.

* During a course of periodic rate of indentation the vibrating indentor

influences the local load pulses largely. The structural movements affect
the strain-rate and coordinate the local pulses, as illustrated in Figures
5 and 6.

STRAIN RATE
RELATIVE VELOCITY V-V, 3

010 m/s

NI -
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—DRIFT SPEED v

\j
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Figure 5. During each cycle of structural oscillation the relative velocity
and the strain-rate (as well as the strain) passes to and fro over the
ranges corresponding to ductile deformation, fracture growth and brittle
failure.
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ICE FORCE Figure 6. Various phases of ice-structure interac-

tion during a cycle of oscillation:
\/ A-B: The structure moves backwards after the pre-

ceding coordinated ice failure. The strain-
rate is high, the contact reduced and the

148 s COE 150s
ice force passes its minimum.
B-D: The structure slows down and then turns,
the strain-rate decreases and the contact
pressure increases to a peak before the for-
ward velocity increases and the structure
STRUCTURAL
DEFLECTION tends to move ahead from the ice.

D-E: The structure decelerates, the contact pres-
sure increases once more in a ductile manner
until a sudden coordinated failure occurs,
when the ice strength is being exceeded.

The global peak load is therefore composed of relatively well-coordinated
local pulses. The peaks of the individual load cycles may reach the limit
corresponding to the maximum strength of the ice almost simultaneously.
During the phase when the structure moves in the ice drift direction the
onloading is soft and the strain-rate is initially rather low. Therefore,
the ice strength may come close to its optimum before the coordinated failure,
and the peak load may reach the same order as in case of any initial failure
over a smooth interface. Actually, no cases have yet been observed, where
such an initial peak has exceeded the peaks during subsequent resonant
vibrations.

Beside the build-up of the peak load the sudden stress drop following

the peak is the most important feature as regards the periodic ice-structure
interaction. This stress drop occurs almost simultaneously at various contact
zones and is the strongest coordinating factor. The mechanism of coordina-
tion is quite understandable, considering the brittleness of the ice after
the fracture nucleation, leading to progressive cracking not only within

the induvidual fractured zones but also leading to progressive collapses
when the load at one collapsed zone is overtaken by adjacent zones.

The obvious lower limit of the minimum force, locally and globally, is zero.
However, our observations indicate, that the global load drop is normally
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of the order of 50 per cent of the peak load in case of strong resonant
vibrations, and that 75 per cent of the peak load is an extreme value.

6. GENERALIZED CHARACTERIZATION OF ICE FORCE TIME-HISTORIES FOR
ENGINEERING PURPOSES

In respect of the choice of key parameters the development of ice force
formulae for engineering purposes can be approached in two steps:

* Characterization of a generalized load time-history normalized to the
key ice force parameters Frax’ For Fnin ©F the corresponding "effective

pressure" parameters Pra

in
x’ Por Ppin-

* Formulation of relationships between the above load parameters and funda-

mental parameters for characterization of ice conditions.

It is recognized that a more or less probabilistic approach must be con-
sidered, for the latter step in particular. However, generalized relation-
ships may very well be formulated deterministically, assessing approximate
uncertainty ranges for the parameters until sufficient data have been ac-
quired for enabling a refined probabilistic approach.

With reference to the Fourier analyses of ice force time-histories and
the example of an ice force spectrum given in Figure 4, the following simple
expression has been chosen for characterization of a generalized time-history
of the effective ice pressure:
p(t) = py + ¥ p, - cos(n Wyt + Gn) (1)

The loading function can thus be represented by a constant and a number
of sine waves with n =1, 2, 3, 4 etc., the angular frequencies n W, of

which are multiples of the fundamental structural frequency Wy
For most engineering purposes four sine waves are sufficient for obtaining

a realistic generalization of the loading function, as demonstrated in

Figure 7.
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Figure 7. Comparison of an ice pressure sequence from the record shown
in Figure 3 and the corresponding generalized function (below), composed
of a constant pressure and four sine waves. The normalized constants are
Po/Prax = 0.78,

p1/pmax = 0.110, p2/pmax = 0.165, p3/pmax = 0.050, p4/pmax = 0.040 and
the phase angles are 5.38, 2,24, 4.62 and 3.66 radians respectively, for
n = 1-4,

Equation (1) can be applied to ice-structure interaction associated with
dynamic as well as static structural response. Steady-state indentation
is represented by the first term and in case of resonant vibrations the
sine terms are to be included. The use of the maximum effective pressure
as a normalizing parameter is motivated by its close relation to the maximum
ice strength before fracturing.

The next problem is to establish a reliable relationship between the
effective pressure and a well-defined ice strength parameter. We may refer
to the classical Korzhavins formula and set
P =Kkgo kpe kot £ (2)
where fum is the uniaxial compressive ice strength averaged over the thick-
ness.

For relatively large cylindrical structures as those referred to above
the effects of shape (ks) and of lateral confinement (kI) need not be assessed
explicitly and the relationship can simply be expressed by one factor k = p/fum.
In case of invariable interface area and ice strength the time function
of k is obtained from Eq. 1:
k(t) = kg + Zk, - cos(nwt + 8. (3)
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It follows from the above that the factor k varies strongly with the
mode of ice-structure interaction. Typical maximum and mean values during

sequences of saturated resonant vibrations are 0.6 and 0.4, respectively.
7. CONCLUSIONS AND OUTLOOKS

Previous experiences and future objectives of the ongoing ice force studies
in the Gulf of Bothnia may be briefly summed-up as follows:

* The model outlined in Sections 5 and 6 for the characterization of static
and dynamic ice structure interaction, including the proposed generalized
ice force equations, is intended to provide engineers with an improved

basis for the design of offshore structures including installed equipment.

A simplified spectral presentation of the ice force function has been chosen.
This is for practical reasons and for allowing transperancy, but a more
complete spectral presentation, including higher-frequency components if
needed, might be incorporated in the future work.

* Tn addition to the observation that a generalized ice force function

can be expressed in terms of a few key parameters, such as the maximum,

mean and minimum ice force amplitudes during a sequence of periodic inter-
action, it is important to note that the basic features of the function

can be explained in terms of ice mechanics. Key elements are the interac-
tive cycling of the interface pressure, the variation of the constitutive
properties of the ice during each load cycle, the synchronism of ice failures
at local zones, the strain-rate dependence etc. Further investigations

of these relations will be performed by means of a system of ice force

sensing panels, enabling separation of local pressures in time and space.

* In the first approach the ice force relationships have been expressed
mainly in a deterministic manner, the probabilistic aspects covered only
by indicating fairly broad ranges of uncertainty and expected spread. These
ranges are based on the long-term experiences from the Gulf of Bothnia.

The experiences are, however, sufficient only for very rough probabilistic
quantifications. Acquisition of more data, for improved probabilistic con-
siderations is therefore programmed to become an important part of future

activities.
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DETERMINATION OF THE ICE LOALD ON PILES OF
FIXED OFFSHORE STRUCTURES

M.G.Gladkov The 3.EVedeneev USSR
All-Union Research

Res. Offr Institute of Hydraulic
Engineering ( VNIIG),
Leningrad
ABSTRACT

Based on the author’s experimental data on the strength of grained and
fibrous sea 1ce ( constituents of typical first~year arctic ice field), the up-
per bounds of the ulimate load which may occur durming ice interaction
with vertical piles of various shapes were established. These bounas are
to be used for determining the 1ce load.

A simple and convenient expression 1s derived for predictinz the hori—
zontal force exerted by ice on vertical piles of fixed offshore structures
using the 1ce temperature, salinity, thickness and texture data as well as

those on pile shapes and widths and conditions at the 1ce—pile contact.
1. INTRODUCTION

Allowance for the maximum forces occurring during ice-pile interaction
1s a must for engineering design of safe and cost-effective fixed offshore
structures. To resist these forces, the pues must be capable to induce
crushing the ice fields acting on them.

The maximum horizontal force exerted by 1ce on a vertical pile and
occurring, as 1s known from Peyton (1968) and Taylor (1981) et al.,, at
the i1ce-pile contact area due to the ice plastic failure may be rather easi-
ly estimated within the framework of the plastic limit analysis as reported
in detail by Reinicke ( 1980). However, this necessitates the availability of
the reliable data on uriaxial loading strength of natural 1ce which can be

obtained 1n a manner as shown in Figure 1.
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Figure 1. Uriaxial loadinz tests of the i1ce sheet.
2. CNIAXIAL LOADING STRENGTH OF SEA ICE

The experimental part of the present paper sives the follo..ing relaton-—
ships between the .naxunun strength of sea 1ce 11 unaxial compression

and that in uniaxial tension defined in Figure 1 by c,T,Cc,T

’

1]
I

. . ) N _ 1
(:4/(:X 3.7; TZ/CX 235 Tx/Cx— ! for fibrous ice (1)

. — 1 H .
CZ/Cx = 1 TZ/Cx = TX/Cx = ! for grained ice (2)

The magnitude of the ratio Cz/cx 15 found directly from unaxial com-—
pression tests. The test results obtained are shown in Figure 2. The maxi-—
mutn uniaxial compressive strensths take place at different critical strain
rates é, which depends on the ice texture and temperature and loading
direction (1n case of fibrous ice) { Table 1). The influence of the salinity
on ﬁ is not detected.

The .nazgnitude of T/C i1s found indirectly from flexural tests.

Uniaxial compression and flexural tests are performed on carefully pre-
pared prismalic specimens of fibrous and grained ice (constituents of the
typical archc first-year ice field) under closely controlled condittons ac-—
cording to the IAHR recommendations ( 1960) .
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3. FHE YlzLo FUNCTION

To describe the sea 1ce behaviour the parabolic yielda function, discuss-—

ed by Remicke and Ralston (197“), 15 used which represented in the Car-

tesian coordinates syste.r has the foria:

mn case ol plane strams
6,6 2 ., 6,+6, 2 a?
i(ﬁ,j)=as[(x—2“—>+’l’xg]+(2u.,+a9)(—x2—”—)-(1+§§:)
11 case of plane stresses
2 2 2
$6,)=0,(65+6.)+ a,(65- 6,) +a, Ty +a, (6,+6,)- 4

The numerical values of the coefficients of functions ( 3) and ( 1)
lated by the use of ( 1) and (2) are given in Table 2.

Table 2. Yield function coefficients for sea 1ce.

(3)

calcu—

Coefficients [Yibrous 1ce ] Gramned 1ce
Coefficients values
— -]
-2 -2
Q‘ Nerl C_ 1.5 C
: -2
—_ 29
a, 2.89 C 7 15 C
X
—_ —-)
a 11.78 C_° 9 cCc
6 X
-1 -1
9
CL,’ 2. C 2
- , -1
CLg 0.54 C 2
X
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4. THE ULTIMATE LOAD

The scope of this paper 1s lunted cnly to the upper bounds analysis of
the ultinate loac occurring durinz maentation of the i1ce sacet of constent
taickness py vertical rigid flat, weaze-shoped and circular mcenters  ach
are n perfect contact with the i1ce. To cestuaate the influence of 1ce wd-—
freesny to the pile at the ice—indenter contact, ooth free shppage < nd ad-
hesion conditions were considered. The olane strains correspondin i to tne
incentation of the thick 1ce sheet by the narrow indenter and nlane stress-—
es correspondiny to the indentation of the thin ice sheet by the wide in—
denter .vere assuued to exist in the 1ce sheet atits contact with the pile.

The ultiniate load upper bounds for sea ice constructed with the aid of
functions (3) and (4) and the faillure schemes used earher by Renncke

(1980) for freshwater ice are given mn Table 3.

Table 3. The ultunate load upper bounds for sea tce.

ndenter shape Plane strain Plane stress

Fibrous 1ce | Graned 1ce |Fibrous ice I Gramed ice

Values of F‘)!( be h)

At free slippage condittons

Wedze-shaped

& = 90° 2.75 4.24 2.33 185
Flat .98 7.91 .10 2.7
Circular 4.006 6.40 3.39 2.1

At adhesion conditions

Wedge-shaped,
flat 4.98 .94 Le10

-
[

@
L
3

Circular 6.55 10.48 5.25

S THE ICZ LOAD

The procedure of determunng the i1ce loaa acting on verticl piles of
fixed offshore structures s jven below.

The 1ce fiela under analysis ( composed either of graned and fibrous ice
or fibrous ice only) 1s to be dmivided 1nto norizontal layers of equal thick-—
ness. The maxaun loads are assunted to occur snaultaneously 1n all lay-—
ers (this 1s confirmed by experunental research results obtuned by
Taylor { 1981) .

For each ice layer .e deterine the follo.ing characteristics:
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(a) The brine volume J , O/oo

1+ 0.01848|t| . 0 < It' < -3¢

0.01848 [t] ’

3 1.0567 + 0.0047]|t) | o
V.0332 + 0.01387[t] °* 7.3 <Jt] € 22.4°C

1.1677 + 0.00470t| , ., o
0.1057[t]- 19923 ¢ 224 <t} < 307C

where S (the ice salinity, O/oo) and t (the ice temperature, OC) are
found using the data either on actual or calculated temperature and salini—
ty distributions over the ice field thickness. These data correspona to the
period of tune with the greatest ice effects observed within the construc-
tion site. And 1If the data mentoned are unavailable, the hnear temperature
distribution from ta at the 1ce field surface to 2°C belo.s zero at the 1ce
field bottom and also the uniform salirnity over the ice field thickness are
accepted. The teniperature ta can be determmmed using the air tempera-
ture, thickness of snow cover and wind velocity cata by therimodynamic me-

thods, etc.
(b) The ultiuate load
( bx/o h) L ( t‘x/( be h)) (Cx) p Mia,

where FX/( be h) 15 the value found from Table 3 as dependent on the
pile shape, 1ce texture, aspect ratio o/h (at b/lh € 1 we select plane strain
and at blh 2 3 we select plane stress) and also on the conditions at the
1ce—-pile contuct; (C\) 1s the value determined as a function of the brine
volume fro.n Flgur‘e}_’ (curve 2 1s for gramed 1ce; curve 3 1s for fibrous
ce) .

Using the ultunate load values obtained for all layers e determine the

ice field load on the pile of a grven shape

Flb = [% > (F_ /b n) Jn, Mn/m (5)
1 =1

where n 1s the number of layers, (F\)!b h)i 15 the ultimate load for the
1-th layer, h 1s the i1ce field thickness.

The values of f‘/b calculated by expression (5) sive the upper bound
of the load on the pile on the siae of the ice field that 1s 1n verfect con-—
tact with the pile. Additional factors such as the actual contact conditions

between the ice and pile, the value of the aspect ratio, dependence of
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the crihical stramn rate on the ice field structure and temperature etc. lead
to the decrease mn the design 1ce louad as compared to that calculated in
this analysis. The tactors inentionec can be allo.oed for by introducing

into the formula for calcu-

the specilal coefficients such as lf\l and K

latton of the ice load. The values of the coefficient If\i taking account

of the influence of the pile width on the extent of the contact between the

pile anu 1ce ure uven mn Table 1.

Table 1. Coetficient P\l values.
Boundary Slhippane Adhesion
conditions

b/h . 3 io 20 30 21

I\’l + 0.9 U.8 0.7 0.6 1

The values of the coefficient K, indicating the effect of the ice temp-
erature and texture on the ice lo.d .re zven m Table 5 where R cefin-

es the amount of fibrous 1ce 1 fractions of the ice field thickness.

Table 5. Coeffictent Ik, ~values.
L °c -2 -10 -20 -30
1 1 094 87 V.82
QeTH 309 191 Je0 U1
e} 3692 .88 10.83 080
I

Usme the procedure suggested one can calculate the values of the ice

n t B
; - » R
pile contact, and thus obtain the approxunate expression for dcetermining

load at various y b/h, pile shapes, conditions at the 1ce-

the 1ce load as a function of all factors given above. For example, at

n =

bih 23 by Goldin and Gladkov (1986) the following expression 3iven be-—

-~ . O
n = 1u, ta troa 2 to 3()OC belo. zero, S = 3-6 /oo, 0O-1 and

low as derived for calculating the 1ce load at various 1ce temveraiure,
salinity and texture, pile shapes and contact condibions between the pile
and 1ce

<
=)
m [ { oo

Fib = - w1ns + v |t - 117 o+ 1.97) 1, MN/m  (6)
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where m 1s the shape factor for the pile calculated by the expression

n= 1 - {1 - 160){(0.165 oo+ 0.6-1) for flat ana weaze—shaped piles

~ -, 0
with the angle & = {13 - 160" (for circular pies al & = 1307) under
free shppage conditions and by m = 1 for flat and .ed:c—shaped piles
and  m o= 122 4+ R /20 for crrcular piles under adhesion conditions.

Expression (o) 15 transformed nto the forawda for calculatinz the hori—
contal force exerted by frst-year i1ce on vertical piles of fixed olfsinore
structures at b/h 2 3

)

o

120

JEEN lf\'{)m[\

| 1158 - u.TQ)Il“I - LaTR o+ LOT)bh, MN.  (7)

The relative error in the force calculated by tormula (7) aoes not ex—
ceed 1, at the confidence level of 1.95. such accuracy for calculating
F 1s undoubtedly sufficient especially 1in the lLizht of the fact that the valu-

es of the mput data are far fro.a beingy specihed with the zreater accura-

Cye
6. CONCLUSIONS

The inethod of the ultLnate load upper bound proved to bo siple and
efficient 1in deter.uninzg the i1ce load on the basis of the ice streazsth dota.
Since the desizn values of the ice load are influenced by these data, the
wialysis s to be based on the relicble strea th characteristics obtouned

i the field.
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A NUMERICAL MODEL FOR PREDICTING THE RESPONSE OF
CONCRETE GRAVITY PLATFORMS TO ICEBERG IMPACT

Kjell Holthe SINTEF Division of Structural Engineering
Dring N-7034 Trondheim - NORWAY
ABSTRACT

An efficient special purpose computer program for predicting the dynamic response of
concrete platforms to iceberg impact has been developed, based on a three dimensional time
domain analysis of the coupled iceberg-platform system.

A simple ice crushing model with no elastic deformation for the ice is used. The total
interaction force is expressed as the product of a uniform area-dependent pressure and the
projected contact area.

Local deformation of a column at the area of impact may be included in the analysis
based on linear shell theory and the time dependent impact area.

The platform is described by one or several stiff volume structures interconnected with
flexible column structures and a deck structure at the top. The soil is described as an assembly
of linear elastic springs.

Simulations of the dynamic response are presented in computer plots for two typical
concrete gravity platforms. Normalized results are given for the main forces and stresses for
different iceberg masses and local iceberg geometries.

The present work has been a part of a comprehensive arctic research program for ESSQ
Norge a.s.

1.INTRODUCTION

One of the main uncertainties in the design of arctic offshore platforms is the force
interaction between the platform and the ice. Of special interest in areas such as the Barents
Sea, is the collision between a concrete gravity platform and an iceberg to evaluate the design
of such a platform.

Several papers have been published analysing ice impact forces against gravity platforms.
More recent studies are performed by Bass et al. (1985) using a three-degree-of-freedom
model; by Johnson and Nevel (1985); by Brown et al. (1986) including locally generated
pressure and by Cheang and Lam (1987) including a finite element analysis for the soil
response. In recent papers Nevel (1987) and Croasdale (1988) give an overview of the
development of ice load theories.

In the present work, the main goal has been to develop an efficient special purpose
computer program to perform parametric iceberg-platform interaction studies. A possible
iceberg-platform situation is shown in Figure 1 where the iceberg may hit the caisson or one
column.
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Figure 1 Problem definition

The numerical model considers an eccentric but radially directed impact with 6 degrees
of freedom of motion for the iceberg and a simple 3-dimensional beam finite element model
for the platform. The model also includes a simplified computation of local shell stresses
based on a uniform interaction pressure. The name of the computer program is ISIS.

The present work has been a part of the comprehensive arctic research program ESARC
("ESSO/SINTEF Arctic Research Program”). The ESARC program is outlined by Setchfield
(1986) and by Lgset and Wold (1989).

2. ICEBERG MODEL

The response of the iceberg during the time of impact is described by a simple ice
crushing model, as shown in Figure 2.

At the global level an inertia relation including both iceberg and hydrodynamic mass is
established between forces and accelerations at the center of gravity (CG) for the 6 degrees of
freedom of the iceberg in the iceberg coordinate system (b-axes). The iceberg is defined by its
mass and a horizontal shape which in the present model may be circular or rectangular. An
accurate determination of the added mass of the iceberg is rather difficult and beyond the
scope of this work. However, based on results given by Vugts (1968), the added mass of the
iceberg is taken as 50 per cent of its mass for the three translational degrees of freedom.
Buoyancy stiffness of the iceberg for rotation about the x -and y,-axis and vertical translation
is included. In case of a rectangular shaped iceberg these axes are parallel to the length and
width of the iceberg (through the CG point).

At the local level a relation is established between the ice indentation depth and the
horizontal interaction force based on the local shape of the iceberg and the diameter of the
platform at the point of impact.

The horizontal interaction force, F, is calculated as the product of an ice mean pressure,
P, and the projected contact area, A , as follows (ice crushing model):

F,=pA, M

It is assumed that the impact is head-on, that is, the front of the iceberg at the impact area
is perpendicular to the iceberg velocity (x -axis parallel to velocity direction, no frictional
effects). It is also assumed that the cylindrical shape of the platform at the contact area is
unchanged during impact with respect 1o the ice indentation. The projected contact area will
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then be a function of the indentation depth, the platform diameter and the local geometry of
the iceberg. In the present study the effective pressure is a function of the projected area. The
pressure-area relationship for ice impact (sudden, relatively short duration) is a very complex
problem and little public information is available. For purposes of illustrating the capability
of the ISIS program, a fit to Sanderson’s pressure-area data (1986) is assumed, although the
data are derived from various ice failure modes and ice types. This is given as follows:

A
p, = min [p_, ( AL°>9-5; 2p,] @)

Here, a rcferencep pressure value of p_, = 7.5 MPa is used to correspond to the reference
area A | = 1 m’. The interaction force, which is nonlinear, may thus finally be expressed by
the indentation depth, A, (for a given iceberg local geometry and platform diameter).

Since the direction of the interaction force may be eccentric with respect to the CG of the
iceberg, rotation of the iceberg about its horizontal axes and the vertical axis may occur.

GLOBAL LEVEL

Rectangular Circular

)

Li2

8/ a

8/2 structure

velocity direction

iceberg Plan view Side view
LOCAL LEVEL ’\C
A B, A - projected
P contact area
hg ~ _) f
Plan view B%
A - indentation depth O\_) Side view
Global level parameters: Local level parameters:
lé - Ie_r;g:]h ff’f i(;iberg D - diameter of platform
- width of iceberg R
D, - diameter of iceberg circular shape h, nitial 'f“e’ac"f’" height
H, - height of iceberg B, - upper interaction angle
E, - eccentricity in horizontal plane (y, -direction) B, - lower interaction angle
E, - eccentricity along vertical axis
CG - center of gravity of the iceberg
X, ¥y Z,- iceberg coordinate system at CG (b-axes)
X. Y. Z,- platform coordinate system at point of impact
(n-axes)

o - angle between x,- and x -axis

Figure 2 Iceberg impact model
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3. PLATFORM AND SOIL MODEL

The soil is described by four linear elastic springs (vertical, horizontal, rocking and
torsion), with stiffness based on the secant modulus of the soil. Stiffness proportional
damping is included in the soil model, but there is no mass associated with the soil descripti-
on. However, both damping and mass forces for the soil are expected to be small compared to
the stiffness forces.

The platform is represented and described by a few basic objects; such as volume,
column and deck structure. The volume object is considered completely rigid and describes
the caisson with a circular, rectangular or triangular base area with a certain height. Both the
column(s) and the deck object are modelled by a system of linear straight beam elements
rigidly connected at nodal points. At each nodal point 6 degrees of freedom are defined;
tranlations in, and rotations about each of the 3 orthogonal global axes. One column may
typically be modelled by 3 or 4 beam elements. The deck may alternatively be described by a
completely rigid volume object.

The total mass of the platform includes consistent masses from the beam elements, mass
contributions from the volumes and any additional mass contribution specified at nodal points
(topside equipment and facilities). Both structural and hydrodynamic masses are considered.

Structural damping is included to damp out high frequency local structural oscillations
and is due to internal friction in the material itself, and in the connections between the
structural components. The associated damping forces are described as a Rayleigh type dam-
ping with a stiffness proportional damping matrix for each finite element.

Hydrodynamic damping is not included. It is expected that both structural and hydrody-
namic damping forces will be small compared to the stiffness and mass forces during the time
of the iceberg impact.

4. LOCAL SHELL MODEL

Linear local shell response in the cylinder wall is included in the present analysis, by a
method reported by Holmds (1987). Based on linear thin shell analysis employing Donnell
theory with trigonometric series solution for a long uniform cylinder, local shell stresses and
deformation are computed at the point of impact. The loading for the local shell analysis
corresponds to the actual mean pressure and loading area according to the iceberg indentation
depth at each point of time. Obviously, the present local shell analysis represents an approxi-
mation to the real shell problem with respect to loading, geometry and reinforced concrete
material behaviour. However, with a distance from the impact point to the cylinder ends
greater than twice the cylinder diameter, the stress deviation from a more accurate linear shell
analysis is found to be in the range of 10 to 15 per cent.

5. SOLUTION PROCEDURE

In matrix notation the total dynamic equation of motion of the platform (P) and the
iceberg (I) may be written as the following well known equations:
RE=M'FP+C’I°+K’r’? (platform) 3)
in which RP is the platform force vector, MP the platform total mass matrix (added mass
included), C * the platform structural damping matrix, K® the plat-form structural stiffness
matrix and rf,r%,i* are the platform displacement, velocity and acceleration vectors,
respectively.
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R'=MT + K'f' (at the point of impact) (iceberg) 4

where R! is the iceberg force vector (6 elements), M! the iceberg total mass matrix (6x6),
K' the buoyancy matrix and r!, ¥ are the iceberg displacement and acceleration vectors,
respectively.

For the platform all degrees of freedom are referred to a global coordinate system (not
shown in Figure 2) except for the interaction point where the degrees of freedom (3 translati-
onal and 3 rotational) are referred to the n-axes. For the iceberg the total mass matrix contains
only the 6 diagonal terms and the buoyancy stiffness matrix contains only 3 terms (horizontal
rotational and vertical translation) with respect to the b-axes. Based on well known geometri-
cal relations the mass and stiffness matrix of the iceberg are transformed from the CG point
and b-axes to the impact point and the n-axes.

Note that all elements in R? and R! are zero except the one corresponding to the nonlinear
ice-platform interaction force (numbered as the last element in R? and RY) which links the two
equations together.

An incremental form of the total equilibrium equations from time t to time t + At is used
to solve the dynamic problem employing the well known Newmark 8 method with varying
time steps (if necessary) and constant average acceleration. At each point of time a very
efficient equilibrium iteration procedure is used to ensure equilibrium of the nonlinear impact
force. A skyline representation of all matrices is also employed to speed up the solution
procedure.

6. NUMERICAL EXAMPLES

Two examples are presented to demonstrate the capabilities of the present numerical
model included in the ISIS program. The two examples describe iceberg-platform interaction
at water depths 100 m and 250 m, see Figures 3 and 7, respectively. North Sea type gravity-

L = 80m B = 60m (width)
- >

0.3 m/ { 2om!
m/s 40Mkg "L*

(L=8) 13m 25m
”””” 11 I = | [t=05m 15my
- 35
4000 2000 (1000 500 t=1m "‘%
Mkg Mkg |Mkd Mg
|
I~ 845[Mkg 50m i
¥
’

soil: k el

° Ttrans AAVAT
K ’A,A,‘v. 22m

rot x-dir N |

(The iceberg shape 15 square
in the horizontal plane)

(X XXX
N Y Y YV Y
A_AAA
X X

Figure 3 100 m water depth, iceberg-caisson interaction
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based structures were assumed in the analysis to provide examples of the ISIS computations.
In both examples, the deck is modelled as being completely rigid.

The 100 m water depth example is studied for 4 iceberg masses (500, 1000, 2000 and
4000 Mkg) with a velocity of 0.3 m/s hitting the caisson at an interaction depth of 75 m. Both
impact in the x-direction (interaction with one cylinder) and in the y-direction (interaction
with 4 cylinders simultaneously) are considered. The 500 Mkg iceberg is floating in a stable
configuration with a keel depth of 82 m which gives the interaction point at 66 m water depth
for this iceberg.

Figures 4 and 5 show the relative results of the ISIS time simulation for the iceberg-
platform interaction force and the base shear force, respectively. As seen, the forces are quite
similar, but for the 1000 Mkg iceberg in the y-direction the maximum soil force is about 45
percent higher than the y-direction interaction force due to local oscillation of the caisson.
Impact in y-direction will give maximum impact forces about 3 times higher than impact in
x-direction for this case because of the larger contact area.

OEPTH 100 METERS

CAISSON IMPACT
y-dir.
4000 Mkg

(RELATIVE)

FORCE

00 1000 2000

DEPTH 100 METERS
CAISSON IMPACT

(RELATIVE)

FORCE

4000 Mkg

500 1000

y=dir.
4000 Mkg

2000 4000 Mkg

2 4 6
TIME S

Figure 4 Iceberg-platform interaction
Jorce (relative to max x-dir. force

8

) 8

B
TIME S

Figure 5 Base shear force (relative to max
x-dir. interaction force value for

for the 1000 Mkg iceberg) the 1000 Mkg iceberg)
DEPTH 100 METERS
. CAISSON IMPACT
K~4000 Mkg
£ 3 C-4000 Mkg
2-\K-2000
% , [K-1000 €-2000
& 1 o
2
c-10
0 T T r r r
0 2 6 10 12
TIME S

Figure 6 Kinetic (K) and crushing (C) energy for x-dir. impact
(relative to initial kinetic energy for the 1000 Mkg iceberg)
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The relative magnitude of the forces is highly dependent on the assumed input for
pressure-area curve, soil and structure stiffness and structure geometry. As a consequence of
the Sanderson's pressure vs. area curve, the maximum impact force is relatively insensitive
with respect to the iceberg mass in this example.

Figure 6 shows both the kinetic energy and the crushing energy (relative values) of the
iceberg during the impact. As the volume of the iceberg increases from 500 to 2000 Mkg the
iceberg crushing energy after the impact increases from about 50 per cent to about 85 per cent
of the initial kinetic energy of the iceberg. This is caused by the location of the center of
gravity of the iceberg relative to the interaction point and the rotational inertia of the iceberg.
Thus, with the iceberg geometries used in the 100 m water depth example the kinetic energy
(iceberg rotation) after the eccentric impact will be relatively higher for the 500 Mkg iceberg
than for the 4000 Mkg iceberg.

 L=80m  B=60m

0.3m/s

(L=8) —> [ _aoMkg |,

; >

100 m

50m
30m
10m

Iy
v

7 NT 7 IO\
Soil: k

trans

krot

Interaction against
one column only

Figure 7 250 m water depth, iceberg-column interaction

In the 250 m depth example three different initial iceberg interaction heights (10 m, 30 m
and 50 m) are considered and the iceberg hits one column at a depth of S0 m. The slope of
the interaction angles, see Figure 2, is 45 degrees. Figure 8 shows the interaction force and
the base shear force (relative values). Again, the maximum soil force is somewhat higher (up
to 30 per cent) than the corresponding interaction force. Figure 9 depicts the nonlinear inte-
raction force versus the ice indentation according to the present ice crushing model (relative
values). As seen, the interaction force increases very rapidly at the start of the impact. The
kinetic and crushing energy (relative values) during the impact are given in Figure 10. As
might be expected the results for the three cases in Figure 10 are quite similar. The small
increase in the kinetic energy at the end of the impact is caused by an increasing iceberg
velocity in the reversed direction.
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Figure 9 Interaction force versus ice
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Figure 10 Kinetic (K) and crushing (C) energy
(relative to initial kinetic energy)
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Figure 11 Shell stresses at interaction point for the 10 m height case
(SXTOTAL = SX + SM + SSTATIC) (relative to max value of STO)
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Shell axial stresses (relative values) at the outer and inner surface of the interaction point
for the 10 m interaction height case are given in Figure 11. With the present column diameter
and thickness, a relatively high compression stress (hydrostatic stress included) in the circum-
ferential direction occurs. In the longitudinal direction, the total stress is composed of a
bending moment dynamic stress and a static stress in addition to the shell theory based
longitudinal stress. Figure 12 shows the relative maximum stress values as a function of the
interaction height. The maximum stresses are less sensitive to the interaction height variation
than the maximum interaction force.

Finally, the relative deck displacement in the ice velocity direction is shown in Figure 13.
In the present example the amplitude of the local platform oscillation is less than 10 per cent
of the total displacement.
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Figure 12 Maximum shell stresses Figure 13 Deck displacement in iceberg
(relative to the max STO-value velocity direction
for the 10 m height case) (relative to the max value for the
10 m height case)

7. CONCLUSIONS

The present iceberg-structure interaction model simulates iceberg collision with a concre-
te gravity platform. By considering the response of both the iceberg and the platform simulta-
neously in the time domain, dynamic forces and moments in the platform are determined. The
present ice force model is simple with its clear shortcomings (uniform and radial static ice
pressure and fixed location of interaction force). In addition, many of the more complex
hydrodynamic effects are omitted. However, despite the simplicity of the model, it should be
well suited for evaluating iceberg-platform interaction consequences as better input informati-
on becomes available.
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THE PRIMARY STUDY OF ICE
FORCE ON THE STRUCTURE IN BOHAI SEA

li Xiao-hui China Northeast Buiiding
Engineer Design Institute
Shen Wu Datian Institute of
Professor Technology
ABSTRACT

In the winters of 83,84-85-86-87, in order to investigate the mech-
anical and physical properties of ice in Liaodong Guif of Bohai Sea,
a series experiments were carried out., Results considered the aniso-
tropy of ice, and calculation of ice forces on an isotated pile and a

multi-pile structure in creep mode, using a finite element method.

A new Bound Theorem in structural Limit analysis was introduced and
variable solution to the isolated pile problem was given. Upon compa-
rison between experimental data and calculation results were agree
within twenty percent.

1.Introduection

The accumulated evidence of ice damage to the offshore structures
is substantiat in high tatitudes areas, There are accidents from ab-
road that-icebergs or ice floes damaged offshore structures and dritt(-
ing platforms, The similar cases occured in Bohai Sea. Recently there
was an incident in Liaohe Petroleum Field in Liaoning Province where
a gas pipe was broken by a moving sheet of floating ice, which caused
a fire. These events showed cleartly that it is imperative to conduct
research on the ice forces on offshore structures,

The forces acting on fixed structures were classified into 4 types {

(1) Static pressure from expanding or contracting ice sheets. This
type of movement, caused by air temperature changes, induces import-
ant internal stresses in the ice external reactions to the structures.

(2) Impact of moving ice sheets, pressure ridges and ice islands,
This movement may be caused by wind and, or, water currents, They are
particutarly important for large ice masses of cold ice in siow move-
ment. One of the most severe conditions is slowly moving large con-
tinuous ice masses,

(3) Pressure due to unconsolidated ice accumulation, When the sizes
of floes are small, the floes will accumulate together under the in-
fluence of wind and currents,

(4) Vertical force exerted by ice. The main cause is the movement
of an ice sheet adhering to a structure, due to a variation in water
level. Vertical forces may also caused by the weight of ice coltars
adhering to the structures.

Only the second type of ice forces is studied in this paper

In the winters of 83,84/85-86-87, to investigate the physical and
mechanical properties of ice in Bayu Harbour, Liaohe River Mouth, Hu-
tudao, Juhua Istand in Liaodong Gulf of Bohai Sea, a series of experi-
ments were carried out in the Laboratory of Strength of Materials in
Dalian Institute of technology (DIT). Making use of the results of the

Project supported by the Science Fund of the Chinese Academy of Sciences.
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experiments, which considered the anisotropy of ice, a finite element
method was used to calculate the impact of drifting ice in the

creep mode, deriving the ice force on an isolated pite and on a multi-
pile structure. Meanwhile, a new Bound Theorem in structural limit
analysis was introduced and a variational solution to the problem of
ice movement towards an isolated pile was given, Comparison of results
with the formula recommended by Saeki'’gave agreement within twenty
percent,

2. Material Ideaization

There are many paperstakhich study the effect on elastic modulus,
compressive strength and fracture toughness caused by the existance of
brine volumes and air bubbles. Treating ice as a kind of defect me-
dium, by means of Weibull’s statistical theory, W. Shen®et. at inves -
tigated scale effects in sea ice, For simplicity and convenience, sea
ice was thought of as a homogeneous, continuous and incompressive so-
Lid material.

The anisotropy of ice arise because of the columnar-grained nature
of its crystals. The sea ice of Bohai Sea which has been studied is
the S, typ ) First, it is transversely elasticlly isotropic, that is,
istropy in the x-y plane, orthotropy in the x-z plane(Fig.1). Seco
nd, sea ice is yield-anisotropic. Its yeild function f is

§=3/2/(0+ 490,01+ 4,00 +a303% + 2 (A03> 4 Qs 63 240G (2-1)
where

6i{= Ol — Caver (2-2)
Cawer =(6 +62463) /3 (2-3)

a’s are constants which can be determined by six confined compression
tests at constant strain-rate®

In the strict sease, the elastic modulus of all materials is differ-
ent in tension and compression. The affection of bimodulus is quite
large%'hecause compression is dominant in this paper , all elastic mo-
duli were regarded as compressive, in spite of the stress state.

The viscoelastic natures of ice make the contitutive relations com
plex. For ice, Norton’s Law is basically applicabte.

3. Part of Theory
3.1 Basic Constitutive Relations

A typical uniaxial creep-time curve of ice is shown in Fig.2. the
second part and most of third part satisfy Norton’s Law,

: N
tc=a(0/0o) (3-1-1)
where €, is creep strain-rate, o, is unit stress, a,N is constant, o

is uniaxial stress,
Total strain € is

E=2%+6/E, (3-1-2)

where E, is effective elastic modulus,
The second term o /E, of Eqn(3-1-2) is much smatter than first one,
can be neglected,
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For multi-axial condition, defined anisotropic effective stress and
strain are

e =3/2/(qutd2) loza- aij Oy (3-1-3)
te =2/3 /tar+aa) I35 a5 o5 (3-1-4)

ajj depends on a, —-ae
with multi-axial Norton’s Law
e =alt /oY
assuming that
=" /o) (3 =1-6)
considering Eqn.(3-1-1) and (3-1-5)
¢ 9
42‘&"3%.(. (3=-1-7)
that is,
tiy={ot (3-1-8)
1= 3a/(2(a,rau)oe’ /0 (3-1-9)
3.2 Finite Element Method

(3 ~1-%)

From virtual work priciple, the fundamental equations of finite me-
thod are (initial strain method)

G {8) = {p} + [, (81 (P) {&lav (3~2-1)
{e} = (DI 8] {3} -~ [DIfto} (3 ~2-2)

i

where (8¢ is initial strain vector. c
In creep problem, the creep strain {&) was treated as initial str-

ain {§}.

4. Part of Calcution
4.1 Iteritive Algorithm

The initial strain finite element method is used in the calculatjon,
The method was proposed first by Medetoson, Hirschberg and Nenson and
proceeded in a stepwise fashion as follows.

Step 1. At time t=0 determine the etastic solution of the problem
by setting {&)=(£}=0 in Eqn(3-2-1). This gives the nodal displacements
and stresses at the start of processing.

Step 2. assume that stresses obtained in step | remain constant over
a small increment of time At and calculate the increments of creep
strain that occurs in the increment of time by using Eqn, (3-1-9),

fag = 38/(2@ran) (0¢7/07") {07} at (4-1=1)
& = §(6e, T,t) (4~-1-2)
Step 3. Use the creep strain increments obtained in step 2 to deter—

mine the new creep strains and the end of the time increment by means
of

fl.“i(41+t)=&3(t)-f4553 (4-1-3)
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Then determine the stresses at the end of time increment by sustitut-
ing the creep strains into Eqn(3-2-1) and solving them.

Step 4. Test the stresses against their existing values at the begin-
ning of the time increment. [f they are large than a preset fraction
of existing stresses, repeat step 2 step 3 with a smaller time in-
crement, If the stresses are less than or equal to the preset fraction
of the existing stresses, goto step 5.

Step 5. Add another time of increment and repeat steps 2, 3, 4. Con-
tinue in this manner until a stationary state has been achieved,

4.2 The Selection of Time lncrelent:w]

Because the running time of computer is proportional to the numbers
of time increments, the selection of a proper length of time is im-
portant, In order to get similar precision in every increment of
time, the varying iength of time increment is selected,

AtnsT(AEiilfl'l)‘/,:‘-M (4-2-1)
wheret is a time increment ratio, and satisfies
0.0l £ T < 0.5 (4-2~2)

To avoid the oscitlation of solution, generally, the change of ev-
ery time increment is equal to less than half the former one,

Otp\qq < l‘SAt.. (4-2 -3 )

The increment of time should satisfy Eqn(4-2-1) and (4-2-3) at the
same time,

4.3 Calculation Examples
a) Isolated piie case

tu
According to the experimental data, Saeki rlco-lended the estimated
formula of ice pressure on isolated pile,
P=K"6.-W-h-C (4~3-1)
where K’ is a scate effect factor (Shown in Fig- 3), C--shape factor
(5.0 for circular pile, 6.8 for rectangular pile), W-- width of pile,
h--thickness of ice sheet,&; compressive strength of sea ice,
For sea ice of Liaodong Guilf, the peak of compressive strength occ-
ors at § =4.l]’<10"sec"(Fi9.4)(nl
A sketch of Bohai Sea and Liaodong Gulf is shown in Fig.5. A(l the
constants such as a,N,E and determined in experiments are, a={ §5x10 ,
N=3.01, E =3.5GPa, M =0.3
As regards the constants a’s is referred to
For different strain-rates, the comparison between results by Sae-
ki’s formula and finite etement method is shown in Fig.7. The compar-
ison of the case V., 4D=8.0%x10™ sec™ for different diameters is shown
in Fig.8. The mesh is shown in Fig.6.

b) Mutti-pile structure
The representative case of a multi-pile structure is a two-pite on
e, If the distance of two piles is over five times the diameter of t

he pile, the ice force is the same as that of Eqn(4-3-1) (C=6.8, W=2
D+distance of two piles), If the distance is less than 5D, the compa-
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rison is shown in Fig.9.
5.A Variational Solution

1
Qian Lingxi and Zhong Wanxietalnduced 2 Bound Theorem, summed the
extreme load of structure up to get a stationary solution,
= fy (63 4" 307/ (0P +£(0j)) = X1¥5)dv ¥ fo, Prvids ~fp, 05 n; Vids (S~1)
where C;;and v; ‘are stresses and velocity fields respectively, indepen-
dent of each other, .
Ej=alvij+vpri) oy é; 20 15-2)
yield function,
f(oij) = of
where in Eqn(5-1)> p - base load, )—ratio, P= p)——real load.
With a variation of used functional, critical ratio Y could be ob-
tained,
For isotated pile case after complex calculation,

(5-3)

thrust [Fl= 1.6106¥ h

Comparison with experimentai data of Saeki, in spite of strain-
rate, if D>10cm, this is a upper bound solution.

6. Summary and Conclusion

According to the experimental data which were taken in the above
mentioned winters by the Material Strength Laboratory of Datian Insti
tute of Technology(DIT), with the finite element method, the thrusts
of on ice floes to isolated pile and two-pile structures were calcu-
tated. Comparison with the experiments of Saeki, showed that results
of the calculation were within 20%. Then, a new limit bound theorea
was introduced, and a variational soluion was obtained for the isola-
ted pile problem, If the diameter of pile is bigger than 10cm, the
variational is an upper-bound solution,
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CALCULATION OF ICEBERG IMPACT FORCES
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Anton Prodanovic USA

ABSTRACT

Development of petroleum resources located on the Grand Banks
means that icebergs must be considered. Platforms must either be
capable of withstanding iceberg impact forces or withdrawing from
the path of the drifting iceberg. For a large, permanent pro-
duction platform like the one proposed for Hibernia, iceberg
impacts are to be resisted.

For the structural designer, the starting point is specification
of the design loads to be resisted by a given structure. Several
deterministic algorithms that were considered during this
investigation are outlined and reviewed. One of these approaches
was selected to form the core of a stochastic computer program
for iceberg impact loads. This paper summarizes the procedure
undertaken to select the deterministic iceberg impact load
algorithm and the reasons for the selection that was made.

Examples are given to illustrate the differences among the
various methods. The platform used in the examples is that
proposed for production of the Hibernia field located off the
Canadian east coast.

INTRODUCTION

For a large, fixed production platform 1like the Hibernia GBS,
loads imposed by colliding icebergs dominate feasibility. Both
global and local effects must be considered. During an event,

such as an iceberg colliding with a GBS, the maximum ice 1load
against the platform is the global 1load. This load must not
cause the platform to overturn or slide along the sea floor.
Thus, global loads govern platform stability. Global loads are
limited by some physical condition or process as discussed by

Croasdale and Marcellus ([1]. Local effects of the same impact
are used to design individual elements, such as ice wall thick-
ness, within the platform. The main emphasis in the present

paper is a comparison of possible methods to compute the global
iceberg load resulting from an iceberg-GBS interaction.
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BACKGROUND

Prior to initiating the activities leading to development of
the various approximations for iceberg impact loads on a GBS,
several guidelines need to be developed. It is important that
these guidelines are understood for they form the "keel" upon
which the various methods are built. These are:

1. the model should build upon past experience (if
possible) ;

2. the model should be simple;

3. the model should use as much actual iceberg data as
possible; and

4. where actual data is unavailable, the model should be
based on an assumption that is conservative.

A considerable amount of iceberg data existed when the math
models were investigated. For example, Mobil and its Hibernia
partners had funded several proprietary data gathering field
projects including iceberg size, shape (both above and below
the water surface), drift speed, flux and strength.
Additionally, other data bases, such as the U.S. Coast Guard
International Ice Patrol Bulletins, were also available.

Stochastic approaches for determining structural loads produced
by icebergs impacting a platform have been the subject of
several investigations. At the core of all such probabilistic
approaches is the deterministic algorithm used to predict the
resulting load for any specific interaction. It 1is these
deterministic math models that will be investigated in this
paper.

MATH MODELS

Four iceberg 1locad computation methods are presented and
discussed as deterministic algorithms for computing the
resulting impact force for a single iceberg colliding with the
platform. The following description of these methods is
limited to describing the fundamental approach and underlying
assumptions for each math model. Additional details may be
found in the appendices.

Method I. Purely Centric Impact. The scenario in which a
drifting iceberg has a velocity vector that is always directed
towards the geometric centroidal axis of the GBS is depicted in
Figure 1 with 6_=0. The simplest of all possible math models
(2] for iceberglﬁoading is also the most conservative (that of
a radial collision with no eccentricities). The method applied
for this case is based on the concept of limited momentum, or
limited kinetic energy.

Key assumptions are:
1. the GBS is both rigid and immovable, and

2. the iceberg kinetic energy just prior to impact is
absorbed by crushing ice during the impact.
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Method II. Quasicentric Impact Using Limited Momentum. 1In
order to reduce the inherent conservatism associated with
assuming that all icebergs collide with the GBS with no
eccentricity and that all the iceberg kinetic energy is
absorbed by crushing ice, the above approach is modified to
include iceberg eccentricity. In addition to the first
assumption for Method I above, other key ones added are:

1. the iceberg rotates about the point of initial contact
with the GBS,

2. small displacement theory applies, and

3. work done crushing ice during the impact plus rotational
energy remaining with the iceberg after the event is
equal to the initial translational kinetic energy.

Method III. Quasicentric Impact Approximated as Centric
Impact. This method is quite similar to that above except all
impacts are approximated as centric impacts with equivalent
masses. The first assumptions of both previous methods are
augmented by:

1. the impact force is in the direction of the velocity
at the point of contact, e.g., constant direction.

Method IV. Step-by-Step Integration of Equations of Motion.
This algorithm is the most general one considered during this
study. By removing restraints on the iceberg motion in the
horizontal plane and treating the iceberg as an axisymmetric
body, both iceberg and structure eccentricities are included
in the formulation. Key assumptions, in addition to that of
the rigid, immovable GBS, include:

1. the total force consists of a normal component
(crushing) and a tangential component (shearing):

2. the normal force is equal to the contact area times
the pressure which is a function of the contact area;

3. the tangential force opposes motion between the two
bodies and is based on a local shearing pressure
proportional to the normal pressure.

EXAMPLE PROBLEM

Using the load computation procedures presented, global iceberg
impact loads are computed for a specific iceberg colliding with
a smooth, cylindrical GBS configuration of similar size to

those proposed for use at Hibernia. It has a nominal diameter

of 100m and loads are computed for various degrees of impact

eccentricity as shown in Figure 1. Iceberg parameters are:

mass = 900,000 tonnes
speed = 1.39mps
iceberg shape (L = 0, a = 73, B = 45")
r /r = 0.59

ide crushing pressure = p = 6MPa
hydrodynamic interaction coefficient = c_ = 0.5.
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Results of the numerical computations are presented in Figure
2. Several significant effects of the various algorithms are
evident. The most obvious is that Method I produces an upper
bound, albeit not mathematically rigorous, on the global
impact load. It is easily concluded that use of Method I
would result in an overly conservative estimate of the load.

Methods II and III produce quite similar results. For purely
centric impacts, results are the same as for Method I. Since
only iceberg eccentricity is included in the formulations and
since the force on the GBS is a radial force, the load does
not go to zero at full eccentricity. Between the two extreme
eccentricities, loads are higher for Method II than for Method
III. The reason is that in Method II the equations of motion
are used only to develop an expression for energy remaining
with the iceberg in rotation. This energy is, in effect,
subtracted from the total energy and the remaining energy is
absorbed by crushing ice and the math model is still
essentially a one degree of freedom model. Method III, on the
other hand, allows two degrees of freedom and is less
restrictive than Method II at all eccentricities except at the
extremes.

Method IV was developed to eliminate the obvious conservatism
associated with large eccentricity in either of Methods II or
III. Whereas the previous algorithms use a single step
integration from contact to maximum load, Method IV solves the
governing equations of motion at specific time intervals from
initial contact through the entire event until either the
iceberg is stopped or loses contact with the structure.
Results from this method are more theoretically pleasing than
those associated with previously discussed methods. To
facilitate as direct a comparison of the various methods as
possible, no tangential force was considered in the example
problem using Method IV. The effect of including a tangential
force is generally to decrease the time of contact between the
two bodies by increasing the rotation of the iceberg (iceberg
rolls off GBS more rapidly).

SELECTION OF ONE METHOD

The goal of the engineer is to design and construct for both
safety and economy. He must consider both of these goals.

For iceberg impact load specification, a stochastic approach
is recommended so that a return period, or some other
probabilistic basis, for the design load can be specified.
Keeping in mind the criteria for a desirable math model listed
in the Introduction, selection of one of the four candidate
methods is not difficult. There is no existing data base
available documenting icebergs colliding with 1large fixed
structures. Therefore, the three criteria are that the method
should be simple, based on as much actual data as possible,
and where assumptions need to be made they should be
conservative.
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Method I is about as simple as possible, but its use is
eliminated because it is overly conservative and will not lead
to a cost effective design. Method IV is the most rational of
the remaining three. 1Its use is eliminated from consideration
at the present because of the unknown global shearing strength
of iceberg ice. The crushing strength is based on relatively
large scale field tests [3]. A separate sensitivity study was
performed using various assumptions to compute tangential
forces. Study conclusions were that until physical testing
can be done to substantiate one of the tangential force
models, the degree of conservatism, or lack of it, is unknown.

Method III is selected over the remaining candidate because
there are fewer assumptions made, it is internally consistent
and less restrictive that Method II. The facts that Method
IIT is easily programmed and, as the basic component of a
stochastic algorithm, is computationally fast are additional
benefits.

CONCLUSION

Several deterministic methods for computing global iceberg
impact load on a fixed platform have been reviewed and
discussed. Differences in computed loads are highlighted by
example. A set of guidelines are presented to aid in the
selection of a particular approach for use at any particular
time. Discussion of the relative merits of each approach is
used to select one method for use today to establish design
criteria. Subsequently, based on availability of future
experimental data, a different method may be selected.
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APPENDIX A
DEVELOPMENT OF QUASI-STATIC MATH MODELS

Method I, Purely Centric Impact

Limited momentum, or kinetic energy, forms the basis for this
model. The platform is assumed to be both rigid and immovable.
The iceberg is assumed to have only a linear drift velocity.
It is also assumed that the iceberg mass (including added
mass) and the shape of the iceberg at the point of interaction
with the platform are Kknown. The method assumes that the
iceberg motion is completely stopped by the platform and
equates the change in kinetic energy, from its initial value
to zero, to the work done "crushing" ice. Mathematically,

1/2 (1 + c) v’ = [pAady =p Vol (A1)
)
where c, is a hydrodynamic interaction coefficient, M is the
iceberg mass, V is the iceberg velocity immediately prior to
impact, P is the ice "crushing" pressure, A is the contact
area, y is the penetratlon distance that the platform indents
the iceberg, and Vol is the volume of crushed ice.

The "crushing" strength, p, is not a laboratory determined
quantity from confined or unconfined tests. “Crushlng" covers
many factors that can occur during indentation in the field.
These are splitting, spalling, pulverizing and subsequent
clearing of the crushed ice. To develop a value for p to be
used in design, a set of field indentation tests were
performed (3] on a grounded 1ceberg in the Canadian arctic.
For the areas of interest, p is assumed to be a constant.
Therefore, the right hand side of Equation Al is reduced to p
times Vol.

Making use of the local geometry of the impact area and
Equation Al, the maximum, penetration and of the structure
into the iceberg and the corresponding contact area are
determined. The predicted load is

F = p A. (A2)
Method II, Quasieccentric Impact using Limited Momentum.

This algorithm is a simple extension of the first method. The
extension recognizes that typically icebergs will collide with
a GBS with some horizontal eccentricity.

Consider the interaction of the iceberg shown in Figure Al
with a fixed, rigid structure. Let the initial eccentricity
of the iceberg, Yor be as shown in the figure. The equations
of motion are

-(l+c )Ma = F (A3)
l+c, )Ma_ = F A4
(1+cy) ay y (A4)
(1+cr)Ia = FX Yo Fy X (A5)
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where I is the polar moment of inertia about the center of
gravity of the iceberg and c_ is the associated hydrodynamic
interaction coefficient. Subdtitution of Equations A3 and A4
into A5 yields

(1+cr)Ia = —(1+ch)(MaX Yo + Ma_ x (A6)

y Xo!
The initial conditions are v_ =V, v. = 0 and Q = 0. Assuming
that x_ and y_ are constant for sma1¥ rotation, integration of
Equati8n A6 yfelds

(1+cr)In = -(1+ch)M[(vx—V)yO + vyxo]. (A7)
When the iceberg contacts the platform, it is assumed that the
iceberg rotates through a small angle, &, about the contact
point and that no slippage between the two bodies occurs and
therefore

Ve = Q Yo (A8)
vy =N Xq (A9)
where n = de/at. (Al0)

Substituting Egquations A8 and A9 into A7 and rearranging
produces

a8 = Mvy_/(1+Mr?) (A11)

2 _ 2 2
where rto=x." + Yoo - (Al12)

The kinetic energy of the iceberg is
_ 2 2 2
KE = 1/2(1+c, )M(v,, vy ) + 1/2(1+c )In".  (A13)

Substitution of Equations A8, A9 and All into the expression
for the iceberg kinetic energy, Al3, produces

2 2

KE = -—— -——--2.__ 5 (Al4)
2 1+(rg/r)

2 _
where rg = (1+cr)I/(1+ch)M.

Equating kinetic energy prior to impact with that remaining
with the iceberg, in rotation, plus the work done by
"crushing" ice against the platform produces

i e Y + p Vol. (Al15)
2 2 1+(rg/r)

This equation is solved for the volume of crushed ice. Based
on the interaction geometry, the penetration of the platform
into the iceberg and contact area between the iceberg and
platform are obtained. Iceberg load is then determined from
Equation A2.
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APPENDIX B
DEVELOPMENT OF MATH MODEL FOR METHOD IV

In this method the impact is simulated by a step-by-step
integration of the governing equations of motion of the
iceberg (Equations Al6 - Al8 with the right hand side of Al7
equal to F_). Newmark's beta method was used to perform the
integration.

During the impact simulation, forces, iceberg motion
(location, velocity and acceleration) and energy losses are
computed.

The iceberg was modeled with three degrees of freedom where
the iceberg was permitted to rotate about an axis
perpendicular to the water surface and translate in a plane
parallel to the water surface.

ASSUMPTIONS

Two additional assumptions have been made during development
of the analytical approach for modeling the dynamic
interaction of an iceberg colliding with a GBS. These are

* Iceberg is axisymmetric and consists of a central
disk sandwiched between two truncated cones (see
Figure Bl), and

* The total force on the structure can be computed
based on the contact area, an average pressure
acting over the contact area and a constant crushing
or shearing coefficient of friction between the ice
mass and structure.

ICEBERG GEOMETRY

The iceberg geometry has been idealized as a central disk
sandwiched between two truncated wedges as shown in Figure Bl.
The resulting shape is axisymmetric. The berg is specified by
a mass (m) and the geometric parameters L, a and B.

The radius of the central disk 1is determined from the
following equation which was derived from iceberg data.

R = 0.10 n/* (B1)
where R = central disk radius (meters), and
m = iceberg mass (tonnes).

CONTACT AREA

For computational purposes the iceberg shape depicted in
Figure Bl is subdivided into a number of disks of constant
radii. The contact area is developed for a single disk and
then computationally each disk is treated separately and the
total area determined by summing all the single disk contact
areas.
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Contact Area Determination. Consider a single disk of radius
R and thickness t interacting with a rigid cylinder. The ice
(disk) is assumed to behave as a rigid plastic material. The
initial geometry is shown in Figure Bla with the coordinate
system origin being at the structure's center and the center
of the ice disk being located on the negative x axis such that
the ice disk just touches the structure. The interaction is
specified globally by assigning an initial velocity to the ice
with 0 < 8 < 90°.

At some time during the interaction, the ice has cG
coordinates xt, Y, as shown in either Figures B2b or B2c, and
velocity Ve At gime t, determine the coordinates of points A
& B, shown” in Figure B2, by simultaneously solving Equations
B2 and B3.

(x-x0)% + (y-y)? = B? (B2)
x2 + y2 = R52 (B3)
Having found the coordinates of points A and B, we next solve
for the coordinates of those points on the extremity of the
structure to which the current velocity vector direction is
tangent. These points are called C and D. For each disk the
contact area is found by multiplying the central angle, TI.,
subtended by the two innermost points (determined from poin%s
A, B, C, D) by the product of the structural radius and disk
thickness.

FORCES ON STRUCTURES

Since this is a dynamics problem and since the iceberg is the
body of mathematical interest, the forces computed are
actually forces acting on the iceberg. Structure forces are
simply equal, and opposite, to those forces being calculated.

The computed force lies in the x-y plane and is calculated as
the vector sum of two components: (1) the normal component
that acts in the same direction as the straight line joining
the centers of the structure and iceberg; and (2) the
tangential component which acts along the interface between
the structure and iceberg in a direction that opposes the
relative motion between the two bodies. These forces are
computed as the product of a pressure and area.

Normal Pressure. Since the contact area, at any time, is
computed prior to any force computations, a pressure-area
relationship can be used to prescribe an effective, nominal
ice pressure, p. This procedure recognizes, and allows for,
incorporation of the so-called scale effect. Any
pressure-area relationship can be used.

Shearing Pressure. There is no test data available on iceberg
ice to indicate what the shearing pressure should be as ice
slides along the surface of a structure and is extruded at the
edges of the ice-structure contact. Furthermore, the
structure's surface roughness would also affect the value. It
is, however, recognized that such a pressure, shearing stress,
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must exist. In the present work this shearing pressure has
been assumed to be directly proportional to the normal
pressure and is given by

T=up (B4)

where 7 = shearing pressure,
u = coefficient of proportionality (including

crushing coefficient of friction and surface
roughness effects).
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ICEBERG MOTION AT IMPENDING IMPACT
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FIGURE A1. GEOMETRY FOR METHODS il AND Iil
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SECTION A-A

FIGURE B1. GEOMETRY FOR METHOD IV
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ICE LOADS ON OFFSHORE STRUCTURES

QOF VARIQUS WATERLINE GEOMETRY
Movses J. Kaldjian The University of Michigan
Professor Naval Arch. & Marine Eng.
Ann Arbor, MI 48109-2145
U.S.A.

ABSTRACT

Experimentally obtained data on ice-sheet/structure
interactions loads are few in number and costly to obtain. To
extend this data bank, mathematical models are prepared and
analyzed numerically. The study covers parameters to analyze
various waterline displacement boundaries, the effects of sharp
forward ridges, artificially induced cracks, etc.

The floating ice-sheet 1is studied as a large, rectangular,
continuous plate supported by springs (equivalent buoyancy) .
The plate is held at the far edge and waterline displacement
boundary condition applied at the middle of the near edge.

The models are analyzed using finite element techniques. Non-
linear property and geometry effects are also considered.
Preliminary work results indicate that the stress and
displacement patterns improve with modified waterline geometry
which produces lower breaking forces to develop in ice,
especially when it is coupled with radial precuts at strategic

locations.

1. INTRODUCTION AND BACKGROUND

Every year many new offshore structures are being planned and
constructed. Some of these are slated for cold regions, like
the Beaufort Sea, where the menacing presence of floating ice
will pose a seasonal hazard to them and to ships [1] that play a

vital role in their operation and maintenance.
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A number of investigators [5,6] have studied analytically the
problem of ice forces on inclined structures.

Frederking and Timco [2] using experimental small scale
models, discovered that analytical results consistently under
predict ice/structure interaction forces. They also report that
in ice/structure interaction the maximum breaking 1load was
associated with the formation of radial cracks in the ice-sheet
in front of the inclined plane, Fig. 1l(a).

Further experiments with built-in cracks had conclusively
verified their observation. The presence of built-in radial
cracks reduced the maximum breaking load by half as shown in
Fig. 16. Work at The University of Michigan using finite
element analysis with and without built-in cracks [3] showed
good agreement with the experimental data obtained by Frederking
and Timco.

Thus, through numerical analysis, we can calculate the
location of maximum flexural stress in the ice-sheet. Firing
high pressure hot water jets to these spots (or possibly
building sharp ridges forward of the structure at these points),
or using a mechanical device similar to Ditch Witch machine as
done by Manikian et al.[4], will precipitate formation of radial
cracks and thereby reduce the value of the maximum breaking
force that an offshore structure has to withstand.

2. PROBLEM DEFINITION AND NUMERICAL APPROACH

This study covers mechanically induced pre-cracks and three
separate displacement boundaries to accommodate different water
line geometry. Mathematical models of the floating ice-sheet as
a large, rectangular, continuous plate supported by springs
(equivalent buoyancy) were prepared. The plate was held at the
far edge and a displacement boundary condition applied
statically at the middle of the near edge. The displacement
boundary condition will be that of the contact edge geometry of
the offshore, or ship structure.

The mathematical model was analyzed using the finite element
program ADINA. Both 1linear and non-linear analyses were
performed. The resulting displacement fields and the stresses
in the critical elements are presented graphically in this
paper.
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3. FINITE ELEMENT MODELS

The finite element model to perform the analysis of the
ice/structure interaction is shown in Fig. 2(b). Experimental
work of Frederking and Timco ([2] formed the basis of the
mathematical model. The ice-sheet was 7m wide, 5m long and
0.048m thick as seen in Fig. 2(a), with an elastic modulus of
240,000 kPa and Poisson's ratio of 0.333.

Because of symmetry the finite element (FE) model needed to be

half as large. The FE model discretization for ADINA is shown
presented in Fig. 2(b). The ice-sheet is treated as supported
by elastic foundation. The buoyancy produced by the water is

lumped at the nodal points using truss (line) elements.
The FE model is made of 134 nodal points, 134 truss and 35 8-
node shell elements. This study considered three different

physical situations, namely:

Series I. (Continuous) ice-sheet with no cracks,
Series Il. (Pre-crack 1) at the centerline of symmetry,
Series I3. (Pre~-crack 3) half a meter away from above.

Each series was displacement loaded on edge of contact, at three
separate locations, namely A, B, and C.

The value used for the displacement load, which is considered
to be more realistic than edge force loading, was -.0005m and
0.0100m in the y- and z- directions respectively. The
displacement points and the pre-crack locations discussed above
are shown marked in Fig. 2(a).

4. RESULTS AND OBSERVATIONS

The displacement results for all the three FE series are shown
plotted in Figs 3 through 6. These figures show very clearly
that the presence of the pre-cracks substantially alters the
deflection configuration of the ice field. On the other hand,
the location of the applied displacement points seemed to effect
to a lesser degree the displacement pattern.

Fig. 6 shows the deflections of the linear study with that of
the non-linear (primarily geometric). Larger displacements were

used here to bring out the differences between them. The most
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highly stressed elements, eight in all, shown numbered in Fig.
2(b), were those in contact with the displacement points and the
pre—-cracks.

Figs. 7 through 10 show the maximum stresses in these elements
tabulated graphically for all the three series and the
displacement points mentioned earlier. The stresses in Figs. 7
to 10 correspond to the deflections in Figs. 3 to 6
respectively, and are in compression.

It is observed that the presence of pre-cracks as seen in
Element 7, does increase the stress level, and since the applied
displacement is always the same, it can be concluded that it
will break first. Likewise, the applied displacement location
seems to play an important role and can be very critical as seen
in Element 4 of Figs. 7 and 8. This points to the importance of
the water line contact configuration.

The finite element technique is indeed a very useful and
powerful toocl to study ice/structure interaction. Full scale
model with nonlinear material properties of sea ice on an
offshore structure need be studied.

Radial precuts using hot water jets, or some other mechanical

device, placed at strategic locations look very promising.
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TRANSVERSE STATIC ICE PRESSURE ON BRIDGE PIERS

Bertil Lofquist Royal Inst. of Tech.,
Dr. Sc. (Eng.) Hydr. Engrg.,
S-100 44 Stockholm
SWEDEN

In the research of ice pressure on bridge piers most attention has
been directed to the longitudinal dynamic forces from floating ice.
InSwedennocaseiskrnwnwhereapierhasbemtiltedornmedby
the ice in its longitudinal direction. However, there are a few cases
ofnovamtinthetransversedirectimduetoactimofstaticfm
fram extended ice-sheets. These lateral forces seem to be caused by
thermal variations in the ice or by water-level variations. Very
little is known of the real magnitude of these forces under different
conditions but a few observed incidents may give som guidance.

THERMAL ICE PRESSURE

A theoretical approach to the problem of transverse thermal ice
pressure cn a pier is likely to give very high figures, much higher
than might be possible according to experience. A bridge pier which
is subjected to unilateral pressure - as for example close to an open
ice-channel ought to get higher pressure per linear meter due to the
side-effects than a supposed extended structure as a dam-front in the
same position. In the appendix a calculation based on elastic con-
ditions shows that a single pier should get many times higher specific
pressure than the fictive dam, especially with great distance A to the
shore.

Themaxjmmthermalioepressuremadammaybeintheotderof
200-300 kN/m. In 14 undamaged bridges in northern Sweden for example
thedesignvaluesfortrarsversepressuremthepiersvariesfmn
8 to 71 kN/m. It seems to be no consistency in these figures.

Ammberoffactoxsmayexplainﬂnisgraatdifferanebetweentheomy
and practice, the most important beeing ice on both sides of the pier,
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snow cover, various original cracks and stresses in the ice and
buckling of the ice-sheet. An incident at the Hjulsta-bridge in
January 1953 shows that sametimes thermal pressure of importance may
occur (Haggard 1958).

Strangnes _

Figure 1. Bridge across the Milar-lake at Hjulsta, east of
Stockholm

The bridge has a swing span across the fairway and an ice-channel
was broken. The air temperature rose from -20 to -6C in about 12
hours. Very little snow covered the ice-sheet, 22 am thick. The south
stopping pier was pressed 4-5 am close to the swing span. Same move-
ment could also be observed on the adjoining piers, which were founded
on wooden piles. The stopping pier was founded on firm bottom. The
overturning force was calculated to 3000 kN, corresponding to 270 kN/m.
The ice pressure could have been higher than this value as the contact
pressure against the swing span could not be estimated.

The seven piers and the long embankment on the south side co-operate
against the expansion of the ice-sheet. The effective distance A in
the appendix is here 600-700 m. Interesting is that the north stopping
pier did not move. The distance A is 200-300 m, thus less than the
half, all other factors beeing almost the same. The size of the ice-
sheet and its extension along the bridge seems consequently to be one
determining factor for transverse thermal ice pressure on bridge piers.

There are two old references fram North America (Barnes, 1928). In
one case a 30 am thick ice-sheet between two piers, 27 m apart, ex-
panded and formed an arch, 0.9 m high. The horizontal pressure from
the ice was calculated to 320 kN/m. In the other case a bridge with
ice on only one side was tilted 5 am and was kept in this position
as a train passed. Ice thickness was 30 an and calculated ice pressure
270 kN/m.
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The Swedish recommendations from 1987 regarding lateral thermal ice
pressure (Léfquist, 1987) have the following paragraphs.

1. Unilateral thermal ice pressure will be greatest on piers close
to an open ice-channel. The transverse ice pressure may be
estimated as a force I, = i, a, uniformly distributed on the
length a meter (a=hou]fizon length of the piers cross section).

2. The value of i, for fresh-water ice vary normally between
50and300kN/|;|’i. The highest figure may be attained for a pier
close to an open channel already by about 30 am thick, ice if
the ice-sheet has a large extension parallell to the bridge.

3. For a pier number of less than 4 m, a = 4 m should be applied.

4. Ifahighnumberofi1 is applied for a pier close to an open
channel, adjoining pisrs may be camputed for il/3, minimum i1
beeing 50 kN/m.

5. High ice pressure effects often one side of the pier only, which
may be considered.

6. In order to counteract extreme ice pressure and movement of pier
tops along the bridge the fixed and movable bearings can be de-
signed so that several piers co-operate, for instance by means of
stops.

ICE PRESSURE BY WATER LEVEL VARTIATIONS

Large water-level variations develop cracks in the ice-sheet along
the shore and a tendency of expansion perpendicular to the shore-line.
If there is an open channel further out, the ice-sheet will move in
this direction. Otherwise the ice can be pressed up an the shore.
Corresponding ice forces alone may be rather limited normally and may
cause trouble for smaller objects mostly. Fig. 2 shows how transverse
ice-loads can be set up between two piers due to rising water-level.
Very little is known of the magnitude of these forces under different
conditions. It is rather easy to calculate on various models of trus-
ses and arches but more difficult to judge the value of the models in
an actual case. An example is given in the following case (Ldfquist,
1963).

R?Sing W. L.

Figure 2. Example of possible ice Jgﬁ from water level variations.
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Figure 3. Bridge across the Ume-river, Lycksele, northern Sweden.

In February 1959 the top of the pier no. 6 was pushed by the ice
30 am bringing the movable bearing to fall down on the ice and steel
girders to bend down on pier. The middle pier no. 4 had fixed bearing
and was unmoved. The piers on both sides of the middle pier had moved
towards the shores.

The bridge is a continuous steel-girder bridge in 8 spans. Pier no.
6 consists of a wooden caisson, stone-filled, and on top of this a dry
rubble wall.

The thickness of the ice was 0.6-1.2 m outside the bridge. In the
openings on both sides of pier 6 the thickness was 1.1 m and close to
the pier 2.4 m. Some time before the incident the daily variations of
the water-level had been up to 1.0-1.5 m.

In fig. 4 a model is proposed with a=3 m, b=14 m, and 1:n=1/3. Rise
of water-level = 1 m. Disregarding the uplift on the parts a, the
horizontal pressure is H = 14 * 3 * 1/2 = 210 kKN/m. The vertical force
is 70 kN/m. Pier no. 6 could resist only about 110 kN/m. It is not
known whether the forces in reality had developed according to the
model in fig. 4 or in same other way.
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Figure 4. Proposed model of ice forces.

It is interesting to note that the movements has been directed against
the shore on both sides. The opposite direction is usually to be ex-
pected. The explanation might be that an open channel was lacking
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and that the ice could be pushed up on the shores on both sides.
The Swedish recammendations from 1987 regarding this type of
transverse ice pressure have two paragraphs:

1. Water-level variations leads to broken and thickened ice around
and between bridge piers. Unilateral horizontal pressure due to
arch- or truss-action may be estimated at maximum 200 kN/m.

2. This force may act unilateral against piers in one or more spans.
COMBINED ACTION OF THERMAL AND WATER LEVEL VARIATIONS

The two types of transverse pressure which has been described seem
to have co—operated at the Kusfors railway-bridge.
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Figure 5. Railway bridge across the Skellefte river at Kusfors,
North Sweden.

In 1974 it was observed that the top of one middle pier had moved
10-15 am in direction from the abutment. In 1977 corresponding pier
on the other side had also moved 10-15 cm from the abutment. Due to
short-time regulation of the flow in the river the daily variations
of the water-level where 0.2-0.7 m sometimes up to 1.0 m. Overturning
force for the middle piers was estimated at only about 300 kN in total,
which may explain the movements. There is a relatively large ice-field
"behind" the piers on both sides and the mid-stream channel is open
same periods.

During the winter 1979-80 continous measurements of one middle pier
were carried out (Cederwall and Rehnstrém, 1981). The movements were
correlated to the variations of air g?lferatuxe and water-level. The



influence of temperature dominated samewhat over the other factors.
Under the bridge the ice was 1.0 m thick and free from snow. Outside
the bridge the thickness was 1.0 m and snow cover 0-5 am. Thus con-
ditions for high thermal pressure were at hand.

The Swedish recomendations 1987 regarding transverse ice loads are
based upon rather few field evidences. However, the bridge designers
demand some reasonable design values and sameone has to do the judge-
ment. Hopefully additional field evidences will be published in course
of time so that more specific values for different conditions can be
established and lessen guesswork.
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APPENDIX

BRIDGE PIER CLOSE TO AN OPEN ICE CHANNEL

lce channel
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The ice-sheet expands a length A. Suppose elastic behaviour
of the ice and full restraint at the shore. The ice pressure
against a fictive dam-front is

id=EdA/A, A =idA/E‘d (1)

The horizontal "settlement" of the pier according to a formula
from Soil Mechanics (Boussinesq) is

4 =0.81,a/Ed (2)
(1) and (2) give i = 1.25 1, A/a (3)
L d 7

For example A = 60 m and a = 6m, i =12.Sid.Underelastic
conditions the ice pressure on the pier per linear meter should
be 12.5 times the pressure on a dam in the same aligrment.

The real deformations in the ice are mainly not elastic but
viscous which probably will give a lower relation factor. How-
ever, the distance A still remains an important parameter, as
being deciding for the extension of the ice-sheet against the
open channel.
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ABSTRACT:

During the winter of 1986/87 a full scale field study of ice rubble was
conducted at ESSO’'s CRI (Caisson Retained Island) at a drilling location in
the Beaufort Sea. The aim was to obtain ice rubble characteristics and load
transmission data so that a theoretical model could be developed, and this
paper summarizes the collected field data.

Data was collected from stress sensors on the caissons, pressure panels in
the rubble, pressure sensors in the sea ice, strain rosettes, thermocouple
arrays, movement surveys, and rubble profile surveys. Local pressures of 4
MPa were measured at the CRI during initial rubble formation but by late
winter the surrounding grounded rubble had reduced the contact pressures to
negligible wvalues. The thermocouple array data showed that the rubble
refrozen layer thickness can exceed 3 m with growth rates in excess of 1.5
cm/day. Northward movement of the landfast sea ice produced pressure
against the rubble, reaching a peak average of 360 kPa and survey data

indicates a generally northward deformation of the entire rubble field.
1.0 INTRODUCTION

The movement of sea ice against a wide structure, such as an artificial
island, produces piles of broken ice called ice rubble. If such piles
become sufficiently firmly grounded, subsequent movements will not dislodge
them, and a grounded ice rubble field will form. Artificial islands in the

Beaufort Sea often become surrounded by such rubble fields and experience

* Presently at NSERC (Natural Sciences and Engineering Research Council)
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shows that the rubble fields tend to protect structures from subsequent ice
loads. This behaviour might be used to advantage in the design and operati-
on of offshore structures but a thorough understanding of load transmission
through grounded ice rubble is first required. To date, some full scale
data 1is publicly available (Nelson et al, 1976; Strilchuk, 1977; XK.R.
Croasdale and Associates, 1985) but much of the work done is proprietary.
During the winter of 1986/87 a collaborative, full scale, field measure-
ment program was undertaken at ESSO's CRI (Caisson Retained Island) at
Kaubvik. The objective was to collect full scale rubble field data that
could be used to analytically model force transmission through grounded

rubble. Such data was collected and is presented here in summarised form.
2.0 SITE DESCRIPTION

Kaubvik is located in the southern Beaufort Sea, 120 km northwest of
Tuktoyaktuk, at the 18 m depth contour. The nearest land is Pelly Island
some 26 km to the south. The sea ice usually grows to 2 m thick by the
middle of May (Parker, 1987) but when cored on April 10th 1987, it was only
1.5 m thick, implying an end of winter ice thickness of about 165 cm.
Historically, Kaubvik is within the landfast ice margin (Markham, 1982) and
during the winter of 1986/87 Kaubvik became landfast by the second week in
January. The rubble field that formed prior to this was substantial (see
fig 5) and did not grow significantly during the remainder of the winter.

The CRI itself is octagonal with eight steel caissons retaining a central
sand core. As the water depth was greater than 9 m, a circular, underwater,
berm with a design slope of 12:1 was constructed to support the caissons.
The caissons have steeply sloping sides, and at the waterline the island

diameter is 112 m "across the flats".
3.0 LANDFAST ICE PRESSURE

On behalf of C-CORE, R. Duckworth of B.P. International Ltd installed
three pressure sensor rosettes in the level sea ice 180 m southeast of the
CRI. Each rosette contained three 7.5 cm diam, mercury filled pressure
sensors (see Duckworth et al, 1988), frozen into the ice at a depth of 0.6 m
(approximate neutral axis). The stress measured by each sensor was recorded
on a data logger every 2 minutes over a one month period. The highest
recorded stress was 550 kPa and the largest calculated principal stress was
570 kPa (same event). One sensor in each of the rosettes was oriented to

measure stress approximately in the direction of sea ice expansion and in
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all cases these sensors gave the largest pressure readings. An intermittent

fault with the data logger resulted in the loss of some of the data, leaving

168,000 valid stress readings. The data loss prevents the three principal

stresses from being averaged over the entire month but such averaging can be

done with the three sensors oriented in the direction of ice expansion (see

fig 1). This is expected to be within 85% of the average principal stress
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Fig 1. Pressure averaged from three sensors oriented along the line of

sea ice expansion. Plot covers entire data collection period.

and from this three important characteristics are apparent:

The pressure fluctuates daily as a result of daily temperature cycling.
In each rosette the sensor oriented in the direction of thermal
expansion consistently measured by far the largest pressures, indicat-
ing that these stresses represent actual rubble field loading, not
biaxial thermal stresses.

Although most of the time the pressure changes were gradual, on
occasion all the sensors indicated, rapid fluctuations of up to 200
kPa. The rapid pressure fluctuations are reminiscent of brittle
failure but they occur at pressures well below the usual ductile to
brittle transition range (1.5 MPa , Sanderson, 1984). It is expected
that this is a result of vertical ice sheet displacement and/or
cracking near the rubble field edge.

An "event" occurs between days 114 and 118.5, and on day 123.5, at
which times the pressure drops to a low level. Analysis of sea ice
temperature at a depth of 0.6 m shows that this corresponds to periods

of minimal thermal expansion of the ice sheet.
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4.0 RUBBLE PRESSURE DISTRIBUTION

In January, four pressure panel arrays containing a total of 14 panels
were installed in the rubble. The panels were placed within the refrozen
layer and panels from three sources were used, 0.5 x 2.1 m Exxon panels, 1 x
1 mand 1 x 2 m Ideal panels, and 0.46 m diameter Arctec panels. They were
all of the flat, strain gauge type with width to thickness ratios from
11.5:1 to 40:1. Data collection rates varied between arrays, with data
being recorded at 10, 15, and 30 minute intervals.

Several pressure “"events" were detected and one of the most significant of
these happened one day after installation of the North-west Exxon array. A
rubble building event occurred in which new rubble overtopped existing
rubble and covered Exxon panels #3 and #4 with piles up to 5 m high. The
stresses measured by the NW Exxon panels are shown in fig 2, where panels
#1,#2,#3 and #4 were 15, 10, 20 and 35 m away from the rubble field edge

During this event panels on the NW caisson were protected by
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Fig 2. Stress panel output from the North-west Exxon array during a

rubble building event.

substantial rubble accumulations but a shearbar panel on the west caisson
measured peak pressures up to 40 kPa through rubble accumulations 50 m wide.
Unfortunately, difficulties with calibrating some of the panels within the

rubble, and damage to some of the strain gauged elements within the panels,

limits the accuracy of the stress data to -+ 50%. All the panels showed

generally low stresses, but the limit on data accuracy prevents reliable

assessment of the spatial stress distributions within the rubble.
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5.0 CRI ICE PRESSURES

The CRI consists of 8, water ballasted, steel caissons arranged in a ring
and held together by tensioned wire ropes. The central core of the island
is filled with sand which provides the working surface for drilling, as well
as sliding resistance against ice forces. Each caisson is equipped with
various sensors including two types of external ice pressure sensor. The
design global ice pressure is 1.7 MPa (2 m thick ice) and the design local
pressure is 4.8 MPa. The ice pressure sensors are two different sizes,
0.165 m diameter "Microcells" (27 operational) and 0.5 m x 2.1 m "Shearbars"
(5 operational). Each shearbar panel thus has 50 times the area of a

microcell and both types of sensor measure averaged pressure normal to
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Fig 3 Microcell peak pressure data including the maximum recorded (4.1

MPa). After October 27 the sensor was protected by rubble.

the caisson wall (see figs 3 and 4). Various geotechnical sensors were also
installed but they did not detect any soil response to ice loading events.
Until January, the sensors were scanned at a minimum rate of 6 times per
minute with the calculated 5 minute average, variance, and peak pressures
being recorded. After shut down of operations in mid January, a remote
logging system was used which recorded raw data at a constant rate.
The maximum microcell pressure was 4.1 MPa and the maximum shearbar

pressure was 0.5 MPa. Both were measured at the Northwest Caisson but
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because of the difference in sensor size, the peak microcell pressure was
almost an order of magnitude larger than the peak shearbar pressure.
Despite this, the time averaged data from both types of sensor should yield
similar pressures. The ice loading followed the typical progression from
thin ice acting directly against the caissons, to rubble formation which
protected the CRI from later ice loads. In the early winter, based on
shearbar panel readings, the maximum average force is estimated to be about
100 kN/m which corresponds to a global load of 1200 tonmnes. Later in the
winter the loads registered on the caissons were negligible, implying almost

complete protection by the grounded rubble.
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Fig 4 Shearbar panel pressures, the upper line is the peak pressure and
the lower line is the 5 minute average. The two "events" shown

are not so clear in the less sensitive microcell data (see fig 3).

6.0 RUBBLE MOVEMENT SURVEY

During the January field trip, 15 survey posts were installed at various
locations on the rubble. During the January and April field trips the
position and elevation of the posts was surveyed from the caissons using an
electronic distance measuring instrument (EDM) and a theodolite. Over the
measurement period, the rubble at all surveyed locations settled, up to a

maximum of 0.45 m, and horizontal movements of up to 0.35 m were measured

580



(see fig 5). At most locations the generally northward movement is; in the
direction of sea ice expansion, away from the CRI, and down the berm slope.
The survey posts were usually on top of rubble sails so that tilting of the
sails may have contributed up to 0.1 m of the measured horizontal displace-

ments.
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Fig 5 Results of movement survey showing locations of survey posts
within the rubble field, measured horizontal movements and (in

brackets) the measured settlements.

7.0 ICE RUBBLE STRAINS

In early March 1986, a strain array was installed in a valley, 125 m
south-east of the CRI centre. The site was a patch of level ice that formed
as a result of sea water flooding behind the outer sail (ie. at sea level).
The short thermocouple array was located nearby, and at installation, the
refrozen layer was 2.7 m thick. The strain array consisted of 6 LVDT's
(linear variable differential transformers) that measured relative movement
between 4 posts in the ice surface. The posts were arranged to form the
apexes of an equilateral triangle (30 cm apart) with a fourth post in the
middle. The centre post held 3 LVDT's, each outer post held 1 LVDT, and
over the 51 day field period, 7300 hourly strain measurements were recorded.

The array has been treated as two delta rosettes. One rosette containing
the outer three LVDT's and the other containing the inner three LVDT's. The

principal strains were calculated with the following result;
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- The magnitude of the inner rosette strains was about twice that of the
outer rosette.
- The largest principal strains were tensile with a slope change that
corresponds to a drop in sea ice pressure between days 114 and 118.
- The smallest principal "strains" correlate with surface ice temperature
and appear to be due to thermal expansion and contraction of the ice.
The discrepancy between the output of the inner and outer rosettes is not
understood, but in both cases large tensile strains are recorded. Because
of the viscous nature of ice and the differences in strain magnitudes, it is
difficult to calculate the level of stress in the ice from the strain data.
The trends, however, are the same for both rosettes. A positive slope
indicates a compressive stress, and a negative slope indicates a tensile
stress. It is thus apparent that during the period of low sea ice pressure
between days 114 and 118 (see fig 1), the surface ice at the array was
subject to compressive stress (see fig 6). When sea ice pressure resumed on
day 118, the stress again became tensile. This was not expected and may
have resulted from the effects of a nearby crack or from some form of

refrozen layer bending.
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Fig 6 Maximum (positive) and mwinimum (negative) principal strains

measured by the outer rosette.

8.0 ICE RUBBLE TEMPERATURES

On March 11, two thermocouple arrays were installed in the ice rubble near

the strain array. A 12 m array in a rubble sail measured temperatures at 14
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elevations, and a 3 m array in a valley measured temperatures at 13 eleva-
tions. Over a 51 day period 33,000 hourly temperature measurements were
recorded and both arrays initially penetrated into unrefrozen rubble. From
the temperature versus depth profiles, the position of the freezing front
could be determined (see fig 7), and from successive profiles the growthrate
of the refrozen layer was calculated. For sea ice, accumulated degree days
versus the ice thickness squared is a linear relationship (Parker, 1987).
By May 2 about 2900 degree days had accumulated since the rubble formation
and the refrozen layer was 3 m thick in the valley and 3.85 m thick under
the sail with averaged growth rates of 1.7 cm/day and 2.7 cm/day
respectively. The temperature versus depth profiles also show the thermal
gradients above the freezing front and this enables one to calculate the
rate of heat flow. From this it was calculated that only 12% of the
unfrozen rubble keel was liquid water.
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fig 7 Temperature versus depth profile from the short thermocouple

array, midnight day 83-84.
9.0 RUBBLE PROFILE DATA

The surface of the rubble field consists of an irregular series of
sails and valleys (see fig 8). A total of 89 ice rubble elevations were
measured along 7 survey lines covering a combined distance of 540 m. The
average height of the 27 sails surveyed was 3.8 m and the maximum observed
(not along survey lines) sail height was 9 m.

Eight holes were drilled to establish the rubble thickness. This was
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done to the southeast of the CRI and started on the floating, broken and
uneven ice (disturbed zone) adjacent to the grounded rubble. The average
thickness of the disturbed zone ice was 3.3 m (5 holes) and drilling into
the rubble established that the rubble was grounded, even under a valley.

In April the rubble iceblock thickness was measured at various distances
from the CRI. The thicknesses increased from 0.2 m, 10 m from the CRI, to
0.75 m at a distance of 75 m from the CRI.
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Fig 8 East survey line # 2 carried out to the south east of the CRI.

10.0 CONCLUSIONS

1) The CRI and ice rubble field provide useful platforms for studying
force transmission through ice rubble, and large scale ice indentation.

2) Readings from the two sizes of pressure panel on the CRI clearly show
that peak effective ice pressure increases with smaller contact area.

3) Thermally induced sea ice movements can cause significant ice loads.

4) Substantial pressure decrease after the formation of grounded rubble
indicates that this protects the CRI.

5) A rapidly formed refrozen layer exists in the rubble and this should be
accounted for in any theoretical models.

6) The refrozen layer was thickest under the sail, suggesting that despite
the insulation provided by the sail, reduced rubble porosity under the
sail allows greater refrozen thickness with less heat loss.

7) 0.2 m thick ice formed grounded rubble piles in 9 m deep water.
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THE SENSITIVITY AND UNCERTAINTY
ANALYSIS OF AN ICEBERG STRUCTURE
COLLISION MODEL
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ABSTRACT

The Hibernia oil field is characterized by not only its vast oil potential, but also
its severe environmental conditions, the greatest being the threat posed by icebergs.
There exists a need for an accurate prediction of iceberg collision loads on drilling and
production structures in both a deterministic and a probabilistic sense.

A dynamic collision model is utilized which incorporates the iceberg hydrodynamics
and force-penetration properties, the effect of waves, and the structure and foundation
coupled response. This paper develops the sensitivity equations for the local sensitivity
of the contact force response to each of the input parameters. Referred to as the adjoint
formulation, the sensitivities are calculated in the equivalent of one additional run of
the model. Combining the sensitivity coefficients in a Moment Method technique, a
probabilistic model is then developed to predict the uncertainty of the contact force.
A “most-likely” scenario of an eccentric collision is presented. Relative to all other
motion components of the system, the adjoint response reveals that the iceberg’s surge
velocity during the initial collision phase exerts the greatest importance on the maxi-
mum contact force. In the uncertainty analysis, comparable force distributions to that

of the Latin Hypercube technique are predicted, but in a fraction of the compnter time.
1. INTRODUCTION

Located 315 kilometres east-southeast of St. John’s, Newfoundland, the Hibernia
oil field poses unique design challenges for any structure drilling in the region. Pre-
senting a constant threat to the drilling operations is the constant flux of icebergs from
Greenland, ranging in size from 10 tonne bergy bits, to 6 million tonne monoliths.

With the conceptual approval of a fixed gravity base structure (GBS) for Hibernia,
consideration must now be given to developing design criteria. In the absence of doc-

umented collisions, and the fact that a structure of this type has never been built to
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withstand iceberg impacts, a thorough parametric study of a numerical simulation is
required. Existing iceberg-collision models have demonstrated uncertainty associated
with eccentric collisions, wave effects, and ice-structure compliance (Pintur 1988); how-
ever, due to the inherent complexities of the deterministic models, uncertainty analyses
have not been included in the simulations. Probabilistic models do exist, (Reddy et
al 1980, Maies 1984), but tend to greatly oversimplify the collision process and may
neglect the above-mentioned uncertainties.

This paper develops an efficient method for calculating the sensitivity of each of the
mode] parameters to the force response, and then utilizes these sensitivity coefficients

in an uncertainty analysis.
2. MODEL OVERVIEW

The numerical development presented in this paper is adapted to the STRIKE
model (Pintur 1988, Acres, 1986). Briefly, the model is a 12 degree-of-freedom non-
linear system incorporating the hydrodynamic motion of both the iceberg and structure
(through the conservation of linear and angular momentum), coupled with the foun-
dation stiffness and damping. The contact point between the iceberg and GBS is
represented by normal and tangential non-linear springs relating the force exerted on
the iceberg and the structure as a function of their respective distances penetrated into
each of the masses. This relationship makes it possible to simulate any type of contact
configuration by pre-defining the force-penetration characteristics of both masses.

Accounting for the functional dependence of the state variables, the continuous form

of the problem is stated as

Mbé + C(6,6)6 + K(8)6 = F(6), (1)

where 6, 5, and & are the displacement, velocity and acceleration vectors respectively;
M, C, and K are the lumped mass, damping and stifflness matrices, and F is the
external force vector. The state vectors represent the centre of mass motions in the
surge {x), sway (y), heave {:) translational directions, and in the roll (4.}, pitch (8,),
and yaw (6,) rotational directions.

Added mass terms are included in M to represent the inertial effects of the water
which is decelerated along with the iceberg, and in some respects, to estimate the
water’s cushioning effect. Although studies have indicated a time dependency of these
added mass terms (Isaacson 1985), constant values have been assumed.

External driving forces include second order water drag, wave forces, fluid-induced
pitch and roll moments, form and surface drag, and a buoyancy force. By discretizing
the iceberg into n stacked disks of varying diameters, the net wave force acting on the

iceberg is
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n
Fwp=Y [" (,CopDulul + Corpdias )
1=1J%-1
where s, is the elevation from the sea bed to the it" disk, Cy and C'py are the drag
and inertia coefficients, D, and A, are the disk diameter and circular area, p is the
fluid density, and u and 0 are the horizontal wave velocity and acceleration vectors
calculated from Stoke’s second order wave theory.

The stiffness matrix in (1) represents the global bending and torsion stiffness of
the structure as well as the force penetration relationship of the contact point. In the
numerical simulation, the stiffness properties are represented as a force vector F), = Ké,
which is treated as a driving force to the system.

A discrete solution technique is then implemented based upon Newmark’s method
of constant acceleration over a time interval Af. At an arbitrary time ¢, an implicit

solution for the displacement vector is determined from

2o + iM'] S —F 4+ C {32;6'_1 + 3"‘} + M {i‘,rq LA +3'_‘} ,

At At? At? At
(3)
followed by an explicit calculation for the velocity and acceleration components,
.t 2 ¢ —1 St-1 -t 2 /.t ot wt-1
AU Y. ,andﬁ:E(6—6 )—6 , (4)

respectively. The recursive nature of (3) causes the solution to propagate through time
from initial conditions at 1 = {,, and is referred to as the forward problem. Non-
linearities in the STRIKE model necessitate an iterative solution scheme at each time
step.

Over m time steps, the forward problem can be expressed in canonical matrix form

in terms of a “stiffness” matrix A and a global load vector R of dimension 3mn,

where,

¢ =((6%,6,8")7,(8%,8°,8")7,... (67,67 §7))T. (6)

The solution domain of (5) is convenient for developing the sensitivity equations.
3. THE ADJOINT SENSITIVITY SOLUTION

The model’s output can be defined in terms of a performance measure P, which ir

general is a function of hoth the system parameters @, and the state variables ¢,

P =pla,d). (7
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In this paper P represents the maximum global contact force, P = max [Ft|. The
performance function sensitivity to a perturbation of an arbitrary parameter oy, can
be found by differentiation of (7),

&P op Op 9¢ (8)
d!], B 8(1), 8¢ 8(11, )
Solution to the above requires first a solution to the state sensitivity vector 8¢/08a,,.

This can be determined by first introducing the notation,

- 9 12;596—, and 12)3— (9)

= E’ aa], Ba;, ’

followed by partial differentiation of (1) with respect to a;:

. a8C ] . oC,. 0K OF oF oM, 4C., oK
Mj+|c+ 205 b TSy 0T _ My 0C, K
"’+[ * 6 ]"’*[KJ“aa * % a&} B Bou’ " ok’ Bou®
(10)

It is possible to describe the discretized solution of (10) in a similar manner to (5):

AW =R", (11)

- T
where A" represents the sensitivity stiffness matrix, ¥ = < Cey '/r',t/)', qbt, .. > ,and R
is the sensitivity load vector. Due to the dependency of the contact force on previous
displacements, A" has a lower diagonal form, enabling the forward solution through
time of ¥. Note that A" is linear in ¥. Rather than solving (11), an alternate approach
eliminating the calculation of ¥, is the formulation of the adjoint problem.
The adjoint solution is formed by first multiplying (11) by an arbitrary vector W~
and subtracting the product from (8). After some manipulation,
dpP dp T T p
— = -V R - |¥# A - =1V 12
doe Oy, ( o 12)
Since ¥” is arbitrary, if there exists a unique solution to #* causing the expressions
multiplying ¥ in (12) to vanish, then the performance sensitivity equation can he
written simply as
dpP Op

= - ¥R 13
d}k Bak R ( )

Thus, from (12), the adjoint problem is defined as the solution to ¥~ satisfying
_ %
= o

The transpose operator on A* causes the adjoint solution to propagate backwards

T

(14)

through time, given zero prescribed boundary conditions at the fina] time step. The
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adjoint solution is unique for a given performance function; therefore once calculated,
the performance sensitivity in (13) requires only an explicit linear solution for each

parameter.
4. THE UNCERTAINTY SOLUTION

An uncertainty analysis assesses the statistical variance in the performance function
due to the variation of the model parameters. This uncertainty can be calculated using
either full distribution techniques such as the Latin Hypercube (Iman and Conover
1980), or a Moment Method (McKenna et al. 1987). The former implies a complete
specification of each parameter’s probability distribution function, and requires re-
peated realizations of the forward state problem until all of the parameters have been
represented; the latter assumes that the parameter mean and variance describe the
parameter distribution. In the Moment Method, a first order Taylor series expansion

of the performance function determines the mean p and variance of P,

dP dP
= ot ) g

where C is the covariance matrix of the parameters a. and dP,/da” is the vector of

i =E{P(a)} = Pla,). and Var(P) (15)

sensitivity coefficients calculated using (13).
From (15) it is evident that a parameter having a relatively small variance will con-
tribute significantly to the performance uncertainty if that parameter has a relatively

large sensitivity coeflicient.

5. AN ECCENTRIC ICEBERG COLLISION

Relative to a head-on collision, eccentric collisions generally inflict less impact loads
due to induced rotational motions of the iceberg; however, an eccentric collision has the
greatest probability of occurrence. Thus in a risk analysis, this type of scenario may
govern the design. The following section presents an eccentric collision of a medium-size
iceberg with a large gravity base structure.

Table 1 summarizes the main input data for the eccentric collision. The gravity
base structure data is from Acres (1986). To expediate iceberg crushing. load attenu-
ating devices in the form of concrete wedges were located around the structure. The
global stiffness characteristics were derived from a finite element analysis, and include
the effects of torsion, bending, and shear. Relevant foundation parameters were its
geometric damping and stiffness properties, developed from elastic half-space theory
(Whitman and Richart 1967) assuming a shear modulus of 110 M Pa. For simplicity,
linear force-displacement response was assumed at the foundation.

The collision eccentricity is measured in the horizontal water plane. From the ge-
ometry of the impact region, iceberg force-penetration curves were generated in the

local normal and tangential directions. The fundamental assumption is that the ice
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fails only in a uniaxial crushing mode, which is reasonable at high strain rates. Using a
procedure outlined by Cammaert et al. (1983), the depth of penetration was incremen-
tally related to the crushed ice volume, which in turn was related to the penetration

force. A constant ice strength of 4 M Pa was assumed.
5.1 Forward State Solution

A five second animation sequence is presented in figure 1, revealing a clockwise
rotational yaw acceleration. From a time history response (figure 2) the maximum
contact force was .155 giga-Newtons at 2.0 seconds, after which time hysteretic motion
occurred due to the continued driving force exerted on the iceberg by the waves. The
penetration distance of the structure into the iceberg was 2.23 and 1.83 metres in the
local normal and tangential directions respectively. A plot of the iceberg and struc-

ture’s acceleration response histories is presented in figure 3.
5.2 Adjoint State Solution

The adjoint solution was initiated at the time of maximum contact force using a
time step of -.025 seconds. For a twelve degree-of-freedom model, thirty-six unique
adjoint components were determined, relating the temporal importance of each of the
state variables to the performance function. It is interesting to note that the normalized
shape of the displacement, velocity and acceleration adjoint components are identical,
however it is their magnitudes that determine their relative importance. For example,
the velocity components (figure 4) and more specifically, the iceberg surge velocity, has
the greatest positive influence on the force, relative to the other components. Similarly,
the sway motion exerts a negative influence on the contact force, such that a s;light
increase in the acceleration causes a decrease in the maximum force; the most significant
change occurring at 1.05 seconds. The rotational motions exerts positive effects, with a
slight initial perturbation of the pitch and yaw motions inducing the greatest increase
in the contact force.

Having a much greater stiffness than that of the iceberg, the structure’s dynamic
properties are evident in its damped oscillatory adjoint response. The greatest impor-
tance of these motions occurred at 1.5 seconds for the translational components and

1.75 seconds for the rotational components.
5.3 Discussion of Sensitivity Results

The most sensitive of the parameters were those relating to the iceberg motion and
wave characteristics, and are (in order of importance): the initial velocity components
(surge, pitch and yaw motions), the normal force-penetration relationship, the added

mass (surge direction) and actual mass, the mass moments of inertia (about all 3 axes),
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and the initial pitch and yaw accelerations. Similarly, the wave parameters were the
wave height, direction of propagation, and the iceberg inertial and drag coefficients.
The least sensitive of the iceberg parameters were the initial accelerations and the
added-nass terms in the sway and heave directions, as well as the drag coeflicients.

Except for the normal force-penetration relationship of the GBS, the structure
exhibited negligible influence on the contact force. Similarly, the damping and stiffness
response of the foundation proved to have negligible influence on the contact force;
however, the foundation stifiness in the surge direction did had a marginal effect. The
velocity of the current had zero effect on the contact force.

Caution must be observed in the interpretation of the adjoint sensitivity coefficients,
for they represent the localized first-order effect of each parameter on the performance
function. For highly non-linear parameters, the sensitivities may vary significantly for

different values of the parameter.
5.4 Discussion of the Uncertainty

For illustration purposes, a simplified analysis was undertaken, in which the model
parameters are assumed to be independent of each other, such that the covariance
matrix of (15) was reduced to a diagonal of each parameter’s variation. Furthermore, it
was assumed that the uncertain parameters were normally distributed with a coefficient
of variation of .10 of their respective means as defined in the forward problem. Only
the following parameters (all relating to the iceberg) were assumed to contribute to
the uncertainty of the contact force: the initial surge velocity, the inertial and drag
coeficients (wave force terms), the mass and added mass, and the moments of inertia
about all three axes.

The non-linearity of the parameters over the range of 3 standard deviations was first
assessed. Non-linear behaviour was observed for the moment of inertia parameters, the
iceberg mass and the initial surge velocity. The time of maximum force remained
stationary for all parameters, with the exception of the surge velocity, in which the
peak contact force ranged from 1.4 to 2.8 seconds.

The Moment Method technique was then compared to the Latin Hypercube tech-
nique. Using 40 realizations, the latter technique predicted a mean of 152.8 MN for the
maximum contact force, with a standard deviation of 14.1 MN. Alternatively, in one
run of the both the forward and backward problems, combined with a summation of
(15), the uncertainty of the contact force was determined in the Moment Method; more
specifically, a mean of 154.5 MN and a standard deviation of 14.9 MN. This represented
a relative error of 5.4 percent compared to the variance of the Latin Hypercube analy-
sis. This slight discrepancy can be partly attributed to the highly non-linear nature of

the initial surge velocity.
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6.0 CONCLUSIONS

This paper has presented a most-likely scenario of an eccentric collision. From the
time histories of the adjoint solutions, it was shown that the iceberg surge velacity dur-
ing the initial period of the collision exerted the greatest importance on the maximum
contact force relative to all other motion components of the system. The parameters
which exhibited the greatest effect on the maximum contact force were those parame-
ters relating to the iceberg and wave properties. Of importance was the iceberg force-
penetration relationship. A separate sensitivity analysis, however, is recommended to
assess the parameters which affect the generation of the curve, for example, the local
geometry of the contact area.

For a subspace of iceberg parameters, the uncertainty analysis demonstrated the
Moment Method’s efficacy relative to the Latin Hypercube technique. In the equiv-
alent of two runs of the forward problem, the Moment Method predicted a response
uncertainty 6 percent greater than the Latin Hypercube uncertainty, with the latter
technique requiring 40 forward simulations before its statistics stabilized. Further re-
search into the parameter correlation is recommended, before a complete uncertainty

analysis can be undertaken.
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Table 1: Summary of Input Data for Eccentric Collision
ICEBERG STRUCTURE
Mass [tonnes] 10 000 2.4x10°
Added mass coefficient 0.5 14
Drag coefficient [kg/m] 1.2 1.2
Iez, Iy, Iz [kg - m?] (x1019) 1.3,9.45, 5.83 439., 439., 514.
Initial iceberg velocity [m/sec] 2.0 Structure radius [m] 98.
Ocean current {m/sec] 2.0 Bending stiffness [N/m)| 2.82e12
Wave height and length [m] 5.0, 150. Torsion stiffness [N/m/m] 1.5el5
Iceberg Car [kg/m] 1.4 Collision eccentricity {m] 24.5
z,y, z soil stiffness [N/m]| {x10°) 43.3, 43.3,57.1
8:,8,,8, soil stiffness [V - m/rad] (x10!4) 1.37,1.37,1.37
z, Y, z soil damping coefficients [V - s/m] (x10°) 9.13,9.13,192
8.,0,,9, soil damping coefficients (N - s/m] (x10'?) 4.81, 4.81, 4.45
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AN ICE FAILURE MODEL INCORPORATING SIZE EFFECTS

Mohamed Sayed Institute for Research in Construction
National Research Council of Canada
Robert M.W. Frederking Ottawa, K1A OR6
CANADA
ABSTRACT

A new criterion for the brittle failure of ice is proposed. By including a
stress gradient, strength of ice becomes size dependent. Calculations are
carried out for an Iidealized indentation.  The resulting pressure-area
relationship shows reasonable agreement with field and laboratory
measurements.

1. INTRODUCTION

A wide variety of failure modes may take place when ice impinges on a
structure. Failure modes and the resulting forces depend on numerous
factors such as geometry, size, velocity, temperature and type of ice. This
study is concerned with the brittle failure of ice, which may occur during local
indentation.

A comprehensive review of local ice pressures has been recently given by
lyer (1988). One important observation is that failure stresses decrease as
size increases, even when geometrical similarity is maintained.  This
behaviour is often referred to as "size effect" or "pressure-area” dependence.

A number of analytical solutions has been developed to predict ice failure
stresses (for example Varsta, 1983 and Riska, 1987). The calculations,
however, do not predict a "size effect". Empirical corrections have to be
used (see lyer, 1988).
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A new failure criterion that includes a stress gradient is proposed in this
paper.  Solution of an indentation problem is then developed. The resulting
failure stresses, which are size dependent, are compared to available
measurements.

2. PROPOSED FAILURE CRITERION

Several studies have dealt with developing failure criteria for ice based on
laboratory tests of small samples. For example, formulas were developed by
Michel and Toussaint (1977), Croasdale et al. (1977), Reinicke and Ralston
(1977), Ralston (1978), Karr and Das (1983), Timco and Frederking (1984
and 1986), and Nadreau and Michel (1986). These formulas demonstrate a
good fit for experimental results of multiaxial tests but do not include a "size”
effect.

Introducing a stress gradient in a failure criterion would result in a strength-
size dependence. There are no reported studies so far on stress gradient
effects on ice failure. However, related studies of the brittle failure of rock
were reported by Hodgson and Cook (1970) and Brown and Gonano (1975).
They found that stress gradient increases strength and produces a size
effect.

Sturman et al. (1965) tested concrete samples under uniaxial eccentric
compressive loading. Failure stress (strength) and strain were found to
increase in the presence of the strain gradient produced by eccentric loading.
The strain gradient was also observed to suppress cracking. Those
observations imply that a natural length or size effect may exist because
including a strain or stress gradient in a failure criterion would render it
dimensional.

A simple failure criterion is considered here to illustrate how a stress
gradient may be incorporated, thus bringing in a size effect. The formula of
Timco and Frederking (1986) is reduced to the following equation for the
case of plane stress

(6, -6,)* + 6 + 6,2 = K® (1)

where o, and o, are the principal stresses, and the constant K is a material
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property. The value of K depends on ice type, salinity, temperature and
strain rate. Equation (1) may be extended to include the magnitude of the

do,

stress gradient
X,

which should increase the strength. This approach is

in agreement with the experimental results of Sturman (1965), and the
observations of Hodgson and Cook (1970), and Brown and Gonano (1975).
Thus, a simple criterion may be expressed as
(0, - 6))° +6,2 + 0, - C o [ _ K2 2
X,
where C is a positive constant.  The value of C, like that of K, should
depend on ice type, salinity, temperature and strain rate. [Equation (2)

should be viewed as a tentative attempt to include a stress gradient in the
failure criterion. There are no data to determine the power to which the

gradient [gﬂ] should be raised, or if other stress gradients
x>

(e.g.[g-o—z) )should be included. A sketch of the failure envelopes
Xo

according to equation (2) is shown in Figure 1. It should be noted that the
experiments of Sturman et al (1965) were limited to uniaxial compression.

INCREASING

G, TENSION
0 G4 ’

E)xz -
e
—~

s X7
COMPRESSION /=~ / TENSION

777 G,

/[ COMPRESSION

Lo Figure 1. Sketch of failure envelopes
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The failure envelopes in Figure 1 are extended into the compression-
compression and compression-tension zones. There are no data to guide
the choice of failure envelopes in the tension-tension zone.

All stresses in equation (1) can be nondimensionlized with respect to a
reference stress (K for example). Thus, geometrically similar problems would
result in the same failure stresses, regardless of size. Alternatively the term

C( a&Jz in equation (2) would be proportional to 12 where [ is a reference
X2

o0,

length (such as an indentor's width). The term C[ ]z would decrease,

X,

and consequently stresses decrease, as size increases. The pressure-area
relationship predicted by equation (2) and the appropriate values of C and K
are further examined in the following section.

3. INDENTATION ANALYSIS

An indentation problem is used here to examine the stresses predicted by
equation (2). Figure 2 shows the idealization used to calculate the elastic

- 101 >
— ]
INDENTOR'S T{
DISPLACEMENT
AXIS OF é\
.~ SYMETRY FIXED
! ICE
L
o
! X
_TJ:
v ! U

FIXED

Figure 2. Sketch showing geometry and boundary conditions
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stresses. Displacements are assumed to be parabolic along a length [
representing half the indentor's width. This loading case was chosen to
avoid the unrealistically high stresses at the indentor’s corners in the case of
uniformly imposed displacement. A plane stress solution was obtained
numerically using the finite element program PDE/PROTRAN.

Calculated stresses were normalized with respect to Young's modulus E,
and lengths with respect to I. Solution for one case was obtained using a
dimensionless displacement of 10° at the centre line. The principal

. d
stresses o, and o, as well as the gradient of o, (aﬂ) were calculated.
Xz

Failure stresses were determined by substituting these values in equation
(2). Calculations were done for a range of values of C/l2. Failure occurs
when the left hand side (LHS) of equation (2) at any point reaches the value
of K% Thus, the maximum value (LHS),,, corresponds to failure of ice.
This always occurred over a local area in the neighbourhood of a point
located 0.25 [ below the indentor and 0.78 [ from the centre line. Since the
LHS of equation (2) contains only quadratic terms of stress or stress

gradient, stresses are multiplied by JKZ/(LHS)max to give failure values.

Stresses were then normalized with respect to s, which is the average
failure stress for a very large indentor (obtained by letting [— ). Therefore
the value of K would not affect the resulting normalized stresses.

The resulting average normal stress on the indentor at failure is plotted
versus [ %C in Figure 3. It should be noted that failure mode may change
as stresses increase (e.g. failure can occur at the centre line). This would
give an upper limit for the stress in Figure 3, for small values of  %C. The
preceding discussion gives only an outline of the calculations because of
space limitations.

4. COMPARISON WITH MEASUREMENTS
The present failure criterion (equation 2) and indentation analysis
correspond to a simple case of plane stress. Nonetheless, the predicted

stress-area relationship is compared to more complex cases of field and
laboratory measurements here. This comparison is aimed at examining the
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trends of predicted stresses and to give some indication of the appropriate
values for material properties to be used in equation (2).

Laboratory measurements by Varsta (1983), field indentation tests by
Johnson and Benoit (1987) and the M.V. Arctic ramming trials (Riska and
Frederking, 1987) are compared to the calculations in Figure 4. The results
of Johnson and Benoit (1987) are presented here in a dimensional form by
assuming that the uniaxial strength, which they used as a reference, to be 7
MPa. The values of s, and C are adjusted to obtain the best fit of the data.
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Figure 4a. Iceberg indentation tests, Johnson and Benoit (1987)
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A value of C = 5m? appears to be suitable for the tests in Figures 4(a) and
4(b) where the contact area was up to a few square meters. Figure 4(c),
with smaller contact areas, corresponds to a much lower value of

C = 0.05m? . The value for s, in Figure 4 ranged from 1.5 to 3 MPa. The
constants C and s, should depend on the type of ice and the distribution of
cracks prior to loading. Therefore, laboratory tests on smail samples would
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not be suitable to suggest values appropriate for full-scale conditions.

The present failure criterion (equation (2)) also agrees with the results of
Wang and Poplin (1986) and Petrie and Poplin (1986). They measured full
scale strength of ice sheets and found them similar to those obtained from
laboratory testing of small ice samples. Those findings led to questioning
the existence of size effect. Those full scale and laboratory tests, however,
utilized uniform stress distributions, i.e. no stress gradient. In the absence of
a stress gradient, the measurements should show no size effect, according
to the present failure criterion. This explanation reconciles the apparently
conflicting observations of strength-size dependence (lyer, 1988) with those
of Wang and Poplin (1986) and Petrie and Poplin (1986).

5. CONCLUSION

A new criterion for the brittle failure of ice is proposed. This criterion
accounts for size effects by including a stress gradient. Thus, failure at any
point would depend on stress conditions both at the point itself and in its
neighbourhood.

The choice of the failure criterion is motivated by early tests that indicate
that a stress gradient increases the compressive brittle strength of concrete
and rock. Only a simple formula for the plane stress case is presented.
More elaborate formulas dealing with more complex stress situations may be
developed in a similar manner. There is not enough information, however, to
determine the precise form of the stress gradient terms. Therefore, only a
simple plausible choice of one such term is made.

Analysis of an indentation problem illustrates the manner in which failure
stresses decrease with increasing size, or contact area. Field and laboratory
measurements confirm the predicted trends and give a range of values for
material constants.
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THE CHARACTERISTICS OF BOHAI
ICE LOAD ANALYSING METHOD

Wang Qin-jian Bohai Engineering Design Co. China
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ABSTRACT

The authors think that there are about three kinds of ice load in the
work. 1. Moving ice sheets (wind generated).
2. Collision with floating ice blocks. (current generated.)
3. Moving ice sheet (water level variations) generated by the tide.
As the Bohai ice load belongs to third kind, its move law and ice force
are determined by means of analysing current, tide and wind. What has been

mentioned above is explained in this paper.

picture 1
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1.  INTRODUCTION

The first steel platform in Bohai was built in 1956. Later, a similar
platform was overthrown by an unprecedented sea ice in Bohai of 50 years
recurrence in 1969. Since then, special attention has always been paid to
the sea ice load on platforms in Bohai by the designers. large scale mea-
surement and observation of sea ice were carried out and the characteris-
tics and mechanical properties of sea ice were studied. At the sametime,
the existing methods of calculation of ice loads in the world were exten-—
sively collected and critically campared. The results of such calculations
are quite different and the difference may be as much as five times. Since
the strength and thickness of sea ice, the freezing process, method of ac-
tion as well as the meteorology and geography are different for different
locations, it is impossible to use a general formula of the sea ice load
for all locations. In the estimation of the ice load, it is necessary to

consider the meteorology, hydrology and other specific local conditions.

2. TYPES OF SEA ICE LOAD
The sea ice load can generally be divided into three types, namely:

2.1 Stationary type

The complete huge ice sheet covers almost the entire sea area. It poc-
esses immense momentum. Under the action of wind and currentt, it exerts
great thrust on offshore platform and it forms the most formidable menace
to the platform. As, the sea ice in BONEAR Bay, which has been studied ex-
periencly. The lighthouse at Kemi II in Finland is an example of a struc-

ture well suited for such conditions.

2.2 Foreign type

This is the huge block of floating ice coming from elsewhere flowing
with the tide. Once it collides with the platform, it will cause smashing
destruction to the platform. The sea ice along the eastern coast in North
America is a such example. If the ice block is dragged upstream by a ship
to change its cource of motion, it will bypath the platform. Ice forecast

is an effective means to avoid accident.

2.3 Alternating type
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This type generally occurs in the inner sea of the temperate zone where

the ice moves back and forth regularly with the tide. In Bohai, for ex-

ample, under the action of half day tide, the sea ice is always in this

state of movement (see picture 1) from its growth to disappearence by th-

awing. Its movement has also a certain range.

3. THE CHARACTERISTICS OF ICE LOAD IN BOHAI

3.1 The breaking and accumulation of sea ice

A. The driving force of ice block

The driving force to move the sea ice can be expressed as follows:

P=X (P, + Pyt PE)Sm + P,Sin (kg)
in which Q. - Surface area of ice block (m?)
Pl - Friction force of water current on the under surface area of
ice block, P, = 0.5\/2 (kg/m?)
Vg - Current velocity under the ice block (m/s)
P2 - force of water current on the edge of ice block
= E 2 2
P =50 V2 (kg/m?)
h - ice thickness (m)
L - length of ice block in the direction of current (m)
P3 - the force exerted on the ice block due to slope drop of water
surface
P = 920hi (kg/m?)
slope drop of water surface
Pll - friction force of wind on the top surface of sea ice
Pl& = 0.001 - 0.002 V (kg/m?)
V ~ wind velocity (m/s)
ot - angle of inclination of current with the structure (degree)

angle of inclination to previous page of wind with the struc-
ture (degree)

B. The force of sea ice on the structure

The force of sea ice on the structure can be expressed as follows:
F=m.K,.K..R .b.h

1" 2 ¢

in which m - shape factor, 0.9 for circular shape
Kl - local thrust factor 2.5

608



contact factor 0.45

=
t

R - ultimate compressive strength of sea ice 150t/m?

b - width of structure facing the ice (m)
h - ice thickness (m)

By comparing the above two formulas, it can be know that when P>F, ice
breaks, When P< F, ice accumulates.

During the early stage of freezing, the ice usually breaks near the pl-
atform. As the temperature drops, the ice will increase in thickness, le-
ading to the accumulation of ice. This time, due to the small size of the
ice blocks, it will have no sufficient driving force. The ice will mainly
break due to bending, causing little menace to the platform.

3.2 Range of Movement of sea ice

Bohai is of half day tide, its period is about six hours and the average
velocity of flow is 1 knot. Assume the velocity of ice is equal to the ve-
locity of flow and the width of sea ice is one nautical mile. Then the ra-
nge of movement of sea ice will be 6 nautical miles, i.e., the area of sea
ice acting on the platform is about six square nautical miles. Therefore,
in the calculation of sea ice load on the platform, it is necessary to co-
nsider the gydrology and the meteorology of the sea area of the platform
and the possible range of movement of sea ice.

The magnitude of sea ice force depends upon the driving force of sea
ice, while the magnitude of driving force depends upon the velocity of
flow and the mass of ice block. For a certain mass of ice block, it mainly
depends on the velocity of flow. Hence, the position of water level for
maximum ice load should be at half tide of maximum velocity of flow, ins-
tead of high mean tide and no tide when the velocity of flow, is zero. For
a certain area, thickness and strength of sea ice, the magnitude of ice
load depends upon the velocity of flow. As to the mechanical properties
of sea ice, as determined by the rate of load application, it may not app-
ear in the alternating sea ice load.

4.  PROBABILISTIC METHOD OF ANALYSTS

The reliability analysis of structure based on probabilistic principle
has been widely used in the design of offshore structures. As the ice for-
ce is determined by a full probabilistic method, not only the probabilis-
tic distribution can be used for the load in the reliability analysis of
structure, but also the choice of ice recurrence period agrees with objec-—
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tive reality. Introducing the random distribution of thickness and streng-
th of ice, the long range probabilistic distribution of maximum static ice
force can be solved by statistical experimental method. (the so-called st-
atistic experimental method is the well-know Monte Carlo simulating me-
thod). This is an effective method to solve multi-variable randam process
problems.

After the samples of random process of thickness and compressive streng-
th of ice have been determined, they are put into the deterministic impact
camputing model, the sample values of ice force of ice force events can
be obtained. Finally, after the probabilistic statistic analysis of ice
force events, the long range probabilistic distribution of maximum static
ice force acting on the structure can be obtained. Putting all the para-
meters into the micro-computer, the ice force probability for different
recurrence period can be obtained with satis-factory results. See simulat-—

ing program chart.

Tce thickness

Ice strength

Events/year

In the following condition to calculate the static ice force

with the ice force model

[ Record yearly maximum ice force]

<[ Is there any other event in the year

=—/[ Is there any other simulating year |

[ Probabilistic distribution of ice force

5.  SOME SUGGESTIONS

5.1 To provide the forecast at early stage by strengthening continuous

satellite monitor and picture analysis of ice in the sea.

5.2 To strengthen the development of new type of transducers of ice force
for field use (at present, the welding type strain gage, strain type pre-
ssure box and calibrated pressure box are generally used).

5.3 To strengthen the study of forecast of the change of stress and com-
pressive force in the process of ice growth around the platform by a com-

puter monitor system.

610



5.4 To strengthen the study of mechanical and rupture mechanical proper-
ties of sea ice.

5.5 To strenthen the study of the type of platform to resist ice.
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11.

12.

13.

REFERENCES

Wang Qin-Jian, A Analysing Method of Ice Load to Jacket Platform Bo-
Hai, 1980, China.

Zhu Jun-Sun, A Study of Ice Force to the Offshore Structres in Bohai.
OTSC. 1983, China.

Zhu Jun-Sun, The Design and Constuction of Jacket Platform, 1973,
China.

Ministry Camunications, The Rual of Port Engineering Chapter 4. "The
Load". 1987, China.

National Dept. of Ocean, Procre of Bohai Sea Ice China.

Maattanen, M., Stability of Self-exerted Ice-induced Structural Vib-
rations, POAC-1977.

Langen.T., A General Dynamic Analysis Program for Linear Structures
Uset's Mannal SINTEF, Norway, 1977.

Carstens.T., Working Group on Ice Forces on Structures, CRREL REPORT,
Norway, 1980.

T.0jima, Some Considerations on the Designing of Arctic Structures,
OMAE, 1986.

Groasdale, K.R., The Limiting Driving Force Approach to Ice Loads.
OTC. 1984,

Wang Qin-Jian, A Tentative View on Ice Load Applied on Jacket Plat-
forms in Bohai Gulf POAC-83.

Mottia. R. Prof. Finland. On the Analytic Solution of ce-indced Vi-
brations in a Marine.

Borthiwlk, Londom, England. Ice and Iceberg Contingency Planning and
Management for Offore Oil and Gas Operation.

612



AUTHORS INDEX Gold L. Vol. 3

Gram K.G. 681
Ackley S.F. 208, 269 Granberg H.B. vol. 3
Andersson A. 671 Gu Z.X. 1084
Andersson L-O. 786 Haapanen M.E. 975
Arikaynen A. 962 Hammarstrém L. vol. 3
Axelsson K. 342 Hassinen P. 873
Backman A. vVol. 3 Haugan P.M. vol. 3
Bailey S.H. 44 Haugum D. 983
Baldauf J. 1001 Hazell C.R. 311
Bales J.T. 1023 Hellmann H. 208
Barry R.G. 103 Hemsley M.J. 1023
Been K. 123 Holladay J.S. 1042
Beletskiy V. vol. 3 Holthe K. 527
Bergdahl L. 885 Horjen I. 694, Vol. 3
Bjelm L. vol. 3 Horrigmoe G. vol. 3
Bjérkenstam U. 627 Hsiung C.C. 311
Blackmore R.Z. vVol. 3 Huard G. 1164
Bolsenga S.J. 188 Huther M. 1164
Bruun P. 18, Vol. 3 Hakansson B. Vol. 3
Burak J.P. 943 Haggstrdém M. 705
Carstens T. 31, 694 Jeffries M.O. 1032, 1063
Cederwall K. 796 Jensen H. 1107
Chen A.C.T. 681 Jensen O. Vol. 3
Chen X. 443 Ji X-H. 537
Chersky I. 820 Jin H.T. 1084
Chiang K-N. 908 Jochmann P. vol. 3
Chin S.N. 638 Johannessen 0.M. 1073, Vol. 3
Christensen F.T. 453 Johansen O. 65, 1131
Clark J.I. 133 Johansson B. Vol. 3
Clement B. 1001 Johnsen A.S. 77
Colony R. Vol. 3 Johnson R.C. 546
Comfort G. 123 Jones S.J. 408
Coon M.D. 44 Jordaan I.J. 408, 575
Croasdale K.R. 575 Julson A. 1001
Daerga P-A. 808 Jussila M. 862
DeFranco S. 199 Kaldjian M.J. 557
Dempsey J.P. 199 Kankanpaa P. 87
Dickins D. 54 Kenyon R. 648
Domaschuk L. 648 Kheisin D. Vol. 3
Dorris J.F. 467, 481 Knutsson S. 342
Duthinh D. 492 Konuk I. 123
Duval P. 225 Koskinen P. 862
Egging D.E. 143 Kouhi J. 873
Eigenbrod K.D. 943 Kovacs A. 1042
Elfgren L. 808, 983 Kozo T.L. 1053
Engelbrektsson A. 504 Kujala P. 1118
Eriksen K. 896 Lange M.A. 208, 269
Erlingsson B. vol. 3 Larionov V. 820
Ettema R. 1096 Lau P.A. 44
Farmer L.D. 1053 Lee G.C. 831
Frachetti R. 199 Lensu M. 354
Fransson L. 300, 796, Vol. 3 Leppdranta M. vol. 3
Frederking R.M. 420, 575, 596 Levit B. 962
Fulton R.E. 908 Lewis J.E. Vol. 3
Gagnon J.J. vol. 3 Li F-C. 1063
Gartner R. vol. 3 Li G-W. 321
Gjorup P. 983 Li z. 218
Gladkov M.G. 518 Lindahl J. 991

Goehlich D. 908 Lindberg K. Vvol. 3



Lindgren M. 627 Sandkvist J. vol. 3

Lindgvist G. 722 Sandven S. 1073
Liu C-H. 321 Sayed M. 575, 596
Liukkonen S. 736 Schmidt L.R. 991
Lobanov A. 1180 Schreiber R.W. 143
Loset S. 1107 Shapiro L.H. 385
Love J. 123 Sharma S.S. 289
Lovas S.M. 31 Shen W. 537
Lozowski E.P. Vol. 3 Sheng D-C. 342

Lu M-C. 1063 Shields D.H. 648

Lu Q-M. vVol. 3 Singh S.K. 420
Lyck L. Vol. 3 Skagseth 0. Vol. 3
Léfquist B. 568 Skognes K. 65
Marklund S. 1143 Smith P.A. 168
Marshall A.R. 575 Sodhi D.S. vol. 3
Mathisen J.P. 65 Soininen H. 764
McKenna R.F. 408 Sorensen K.A. 918
Meng G. 218, 332 Spangenberg S. 453
Meyer A. 1001 Stehn L. 300, 705, Vol. 3
Meyssonnier J. 225 Stephens M.J. 873
Mian F.A. 1150 Stone M. 408
Michel B. 235 Sui J. 218
Miles M.W. 103 Sun Y. 1084
Montemurro M.P. 367 Sunder S.S. 431
Murrell S.A.F. 279 Svensson U. 671
Myrhaug D. 113 Sykes J.F. 367, 586
Nadreau J.P. 575 Takeuchi T. 385
Nelson L.T. 930 Tatinclaux J.C. 774
Nordell B. 249 Taylor B.J. 44
Nordén R. 839 Taylor E. 1001
Nystrém B. 342 Thiger I. 705
Nystrém M. Vol. 3 Thompson T. Vol. 3
O’Connell S. 1001 Timco G.W. 420
Ohlsson U. 808 Tryde P. vol. 3
Olaussen T. Vol. 3 Tsoy L.G. Vol. 3
Olsen K.B. 918 Tunik A.L. 658
Omstedt A. 377, Vol. 3 Vabo H. 896
Oshima M. vol. 3 Varsta P. vVol. 3
Ottesen Hansen N-E. 453 Varvelli R. 156
overland J.E . 712 Veen C v.d. 852
Palathingal P. 259 Vefsnmo S. 31
Palmer A.C. 123 Vincentsen L.J. 453
Pease C.H. 712 Vinje T. 178
Picard F. 235 Waegter J. 918
Pintur D.A. 586 Wang Q.J. 606
Poorooshasb F. 133 Wang S.L. 311
Prodanovic A. 546 Weeks W.F. vol. 3
Palsson I. 885 Wel Y. 199
Rabinowitz P. 1001 Welsh J.P. 1053
Ralston T.D. 143 Wessels E. Vol. 3
Rasmussen E.B. vol. 3 Williams F.M. 638
Raven P.W.J. 1180 Winkler M.M. 481
Reinhardt H.W. 852 Woodworth- 133
Richter-Menge J.A. 208, 269 Lynas C.M.T.

Riska K. 750 Wortley C.A. 930
Romagnoli R. 156 Wu M.S. 431
Ronning B. 896 Wu S. 321
Ruben R. 199 Xu J. 443
Sackinger W.M. 1032, 1063 Yan D. 218, 332

Sammonds P.R. 279 Yu Y. 332



Zakrzewski W.P.
Zhagparovich Z.A.
Zhang L.K.

Zhang M.

Zhu J.X.
Zimmerman T.J.E.
Astrém L.

Vol.
953
1084
332

873
vol.

3



Anteckningar






