EEP20/10

Study Project
Ice Forces against Offshore Structures
Phase 2 Report

Ice Force Studies
in the Bothnian Bay

Phase 2 1989-94

veBviak R HE |

Swedish National Maritime Administration

Hamburgische Schiffbau-Versuchsanstalit


advnav
Text Box
EEP20/10


R4816-000

ICE FORCE STUDIES

IN THE BOTHNIAN BAY
Phase 2 1989-94

CONTENTS:

FOREWORD

LIST OF SYMBOLS

KEY TO COORDINATE SYSTEMS AND SCALES
i. INTRODUCTION

Background

The first phase of the Joint Industry Ice Force Study
Phase 2 activities

Wi+

2. STUDY OBJECTIVES

3. PREVIOUS STUDIES (PHASE 1 ETC)
1 Objectives
2 Scope and methodology
3 Survey of sampled data
4 Proposed model of ice-structure interaction

4, METHODOLOGY
Evaluation of global ice forces
Evaluation of local ice forces
Uncertainty assessments

Wwivik

5. ICE FORCE SENSING PANELS
Principle design and function
Static and dynamic calibration tests
Panel arrangement

Data acquisition system
Measurements in winter 1988-89

hpbiom-

ENZ/Iceprojl4/18



6. MODIFIED PROCEDURE FOR SFORMATION OF
STRUCTURAL RESPONSE SIGNALS TO ICE FORCE
TIME-HISTORIES

A1 General

2 Amplitude and phase relations between acceleration and ice
force sine components

3 The transformation process step by step

7. GLOBAL RESPONSE DATA

8. LOCAL ICE FORCE DATA

9. AN IMPROVED MODEL FOR CHARACTERIZATION OF
ICE FORCES ON OFFSHORE STRUCTURES

REFERENCES

APPENDIX

1 Data acquisition systems

2 Processing of response data during Phase 1

3 An ice-structure interaction model based on observations in the
Gulf of Bothnia

4 Transformation of measured resonance accelerations to ice
forces using an improved model

5 Work plans prepared during Phase 2

6 Extract from "A SUMMARY OF ICE SEASON AND ICE

BREAKING ACTIVITIES 1992/93" published by
the Swedish Meteorological and Hydrological Institute

ENZ/Iccproj14/18



FOREWORD

The second phase of the project ICE FORCES AGAINST OFF-
SHORE STRUCTURES was initiated in 1989 as an extension of the
first phase of the study, conducted between 1985 and -88. The 2nd
phase has been sponsored by

* MOBIL Research and Development Corporation, USA
* Canadian Marine Drilling Ltd. (CANMAR), Canada
* The Swedish National Maritime Administration (NMA)

Experience from the 1st phase of the study has been summarized in
a series of five reports and, as an introduction, in the present report
in which the achievements during the 2nd phase are then accounted
for.

VBB VIAK has been responsible for the management of project. The
main part of the field work has been carried out by NMA. Hambur-
gische Schiffbau-Versuchsanstalt HSVA has been responsible for the
testing and operation of the Ice Force Sensing Panel System with
assistance of the NMA staff,

The essence of our findings during the two phases of the project is
presented in Chapter 9 in the form of a generalized model for nume-
rical characterization of ice force time-histories and observations
concerning important physical features of the ice-structure inferac-
tion, whether periodical or of a more chaotic character.

Stockholm March 21, 1994
VBB VIAK

Qsdtntobers

Alf Engelbrektson
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LIST OF SYMBOLS ETC

Units

SI units are generally used in this study

Symbols

h.

b:
d:
f,:

o’

Pesr-

AF:

ice thickness
instantaneous width of ice-structure contact area
diameter of a cylindrical indentor

uniaxial strength of the ice (compressive if not otherwise
stated)

"mean uniaxial strength", averaged over the contact area
(compressive if not otherwise stated)

contact pressure between the ice and the structure

"mean effective ice pressure”, the unidirectional ice
pressure averaged over a defined gross contact area,
normally h x b, i.e.

_ _F
Pt = Lxbp

"global ice force" i.e. the total unidirectional ice force on a
structure, instantaneous or averaged over a certain period
of time

the "peak global ice force" during a certain period of global
ice force variations (in our studies the "peak force” is in
fact also averaged, since it is related to the measured
response of a structure, but it is normally averaged over a
very small fraction of the period of the most significant
mode of structural vibrations)

amplitude of ice force fluctuation around the mean global
ice force averaged during a certain period of time or
determined as a low-frequency (filtered) load.

"shape factor", the ratio between global ice loads on e.g.
cylindrical and plane indentors

“indentation factor", for factoring the ice load with respect
to the aspect ration b/h
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"contact factor", for factoring the ice load with respect to
imperfect contact between the ice and the structure

Tl a common factor, accounting for all the abovementioned

iy

X1 X
X3 X4

x (1),
x(t)
x (t)

-

and other factors for transformation of the uniaxial ice
strength to effective ice pressure on a structure

ice drift velocity

velocity of indentation or relative velocity between the
moving ice and a vibrating or otherwise moving structure

velocity of the contact surface of the structure in the ice
drift direction

F—¢Z'F rotational stiffness factor

inclination of the lighthouse (above ice level and for static
ice loads if not otherwise indicated)

distance between the resultant ice force and the base of
the structure

displacements corresponding to instruments Nos 1-4
(locations) and directions given in the text

time functions of the parameters of motion in horizontal
direction
time functions of the recorded acceleration

time function of the fraction of gravity caused by the
inclination of the structure

dashed symbols indicate mean values or low-frequent
components of motion

Fourier wave amplitudes

phase angle of a component wave

a= ;_ds ratio between "tilt acceleration” and displacement
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Symbols used in the computer calculations and plotted diagrams

Al, A2 Structural acceleration and signal No. (Signals 1 and 2 are
relating to the upper instrument level.)

V1, V2 Structural velocity and signal No.

D1, D2 Structural displacement and signal No.

I3, 14 Inclinometer signals.

T3, T4 Tilt angles corresponding to I3, 14.

F1,F2  Ice force components in directions Nos 1 and 2.
Fres Resultant ice force.

Fdir Direction of resultant ice force
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KEY TO COORDINATE SYSTEMS, SCALES AND
TRANSFORMATION OF UNITS

Norstromsgrund lighthouse

N  Direction x, (accelerometers)

N

W <
Direction x, (acc)

¢, and x, (incl.)
Instrument reading units:
- Accelerometers uy, u,
- Inclinometers  u,, u,

Transformation of instrument reading units to units used in
calculations:

- Accelerometers xp1 = - u, - 0.00191 m/s?

%2 = u, * 0.00191 m/s?
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- Inclinometers ¢, = u, * 2.564 - 107 radians *

@, = u, *+2.564 - 107 radians *

X, = ¢ g/a;
Xy = ¢4 - gfoy
o = 0315 **

k = % — 7.378 - 10" Nm/radians

F = M/z

* u, and u, are filtered and calculated after the isolation of the
horizontal acceleration component form the gravity component

** Determined by pull tests in July, 1988
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1. INTRODUCTION
1.1 Background

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

During the 1960’s the studies were quite unsophisticated: simply a fol-
low-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.

During 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
analysis of a few cases of static and dynamic overloading of Finnish and
Swedish lighthouses, improved the understanding of ice-structure inter-
action considerably.

During the 80’s the studies were 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 still in progress. The product is a continuous inflow of parametri-
cally well-defined data and subsequent improvements of the bases for
ice-force predictions for Arctic areas, wherever the fundamental ice
parameters can be quantified and where ice conditions are not essen-
tially different from those prevailing in the Gulf of Bothnia.

12 The first phase of the Joint Industry Ice Force Study

In 1985 the studies of ice-structure interaction were intensified in that
a joint study project was agreed between Arco, Exxon and Mobil
(USA), Norwegian Contractors, Canadian Coast Guard, Mitsubishi, the
Swedish National Industrial Board, Hamburgische Schiffbau-Versuch-
anstalt and VBB. The latter two companies, cooperating with the
Swedish National Maritime Administration and with the University of
Luled obtained financial and advisory support for a comprehensively
extended field study of ice-structure interaction, by employing two large
lighthouses in the Bothnian Bay as objects for data sampling and other
observations.

The lighthouses were provided with instrumentation for measuring and
recording ice-induced structural responses and the character of ice
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action. During a three years’ period the database was greatly enlarged,
and new analysis methods were developed for transformation of mea-
sured structural response to ice forces. Since the instrumented light-
house structures serve, in principle, as full-scale elastic obstacles and
measurement devices with calibrated constitutive properties, static as
well as dynamic relations between the structural response and the ice
forces were determined within uncertainty ranges that are judged to be
quite acceptable for most engineering purposes.

A summary of the outcome of this first phase of the study as well as the
applied methodology is presented in Chapter 3 of the present report.
Very briefly the outcome may be characterized as model for prediction
of ice-forces exerted by drifting ice on a vertical-sided (even slender and
vibrating) offshore structure with ice strength and thickness as input
parameters and with a particular attention paid to the time-history of
the ice force in the case of resonance vibrations.

During the course of the first phase of the study, HSVA proposed an
extension of the investigations, employing a set of ice force sensing
panels mounted on the lighthouse. Costs beyond the project budget
were covered by HSVA and the German government and to some
extent by the Swedish Maritime Administration,

The Steering Group accepted the proposal and the panel system was
fabricated, installed and tentatively operated in winter 1987/88. How-
ever, the sealing of the panels appeared not to be completely water-
tight and the panels had to be removed and the sealing improved.

13 Phase 2 activities

At the end of the first phase of the project, the Steering Group decided
on a second phase, including reinstallation of the ice force sensing
panels which was implemented before the winter 1988/89. The ice drift
events causing strong vibrations were few during that winter, but a
collection of more or less "dynamic” ice force records were still ob-
tained, at least sufficiently for confirmation of the efficiency of the
panel system. Since the formal start of the second project phase was
delayed for several reasons, the costs had still to be covered mainly by
the German sponsors and partly by the Swedish Maritime Administra-
tion. After the winter season the panels were removed for service and
repair. An attempt to reinstall the panels in late 1989 was interrupted
by rapidly increasing winds and waves, and for similar reasons several
attempts during 1990 and 1991 were unsuccessful until July 15, 1991,
when the reinstallation was successfully completed. Supplementary
installation work and testing was carried out in the autumn 1991.

The instrumentation for structural response measurements and the
video cameras were removed from the two lighthouses after the termi-
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nation of the first phase. The reinstallation was conducted in early 1992.
All the equipment and efforts were now concentrated to one lighthouse
for reasons explained in Chapter 4.

Thus, after a long period of preparatory work (and expenses beyond the
budget, carried mainly by the Maritime Administration, VBB and
HSVA) the lighthouse Norstromsgrund was fully equipped with its test
devices in early January, 1992. Until then, the winter had been extra-
ordinarily warm (actually the 5th in a series of warm winters, see
Appendix 6, page 45) and there was merely very thin ice in the
Bothnian Bay.

However, no significant drifting ice appeared during the whole winter
and, still worse, even the following winter was essentially free from
drifting ice of such persistence that ice force measurements could be
expected to be successful. Until mid 1993 the maintenance and repair
work had proceeded in accordance with the work plans from -91 and
-92 (Appendix 5). The cost of this work and the operation of the power
system, etc. of the lighthouse consumed so much of the budget, that in
mid 1993 it was clear, that the budget would not permit any more com-
prehensive repair of the panels. During the autumn personnel from
HSVA and NMA made a npumber of expeditions to the lighthouse in
order to examine the panels and necessary service systems as regards
operability. It was reported that a large number of the sensors of the
panels were out of operation so that one panel was definitely useless
and it was questionable, whether any reliable data could be expected to
be obtained from the others. The power system of the lighthouse was
also out of operation due to leaks in the fuel system, etc. It was obvious
that neither the budget nor the available time and resources would be
sufficient for removal, repair and reinstallation of the panels before the
winter.

These circumstances were explained in letters of January 11, 1994, to
MOBIL and CANMAR, where it was recommended, among other
things, that no more means be spent on trying to operate an incomplete
measurement System but rather to postpone the activities until after the
present winter or to break off the project, temporarily or definitely. At
the present stage, final decisions have not been made as regards the
future of the project, but, whatever happens in the future we have de-
cided to finalize the previously drafted report covering the work which
has been carried out until the present date and the outcome of that
work. Thus, although it has not been possible to sample any ice force
measurement data during Phase 2 of the project, it has been possible
to improve the model outlined during Phase 1 for characterization of
ice forces on offshore structures, as accounted for in Chapter 9.
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2. STUDY OBJECTIVES

The following study objectives were formulated at the start of the se-
cond phase of the project. Although it has not been possible to sample
data as intended, the initial outline of targets for the study follows here
unchanged.

The basic objective of the second phase of the study is to improve the
previously proposed model for characterization of ice forces acting on
vertical-sided offshore structures, notably the model that was the out-
come of the Phase 1 studies. The model has been described in the
project reports of Phase 1 and, more briefly, in a report to the POAC
89 conference, [1]. For the sake of continuity and completeness the
most important features of the model and its background are also de-
scribed in Chapter 3 of the present report.

Also, as regards the objectives of the study, it is judged to be appro-
priate to start out from the basic objective outlined before the start of
the first phase of the study. Subsequent to such a recapitulation of the
"basic objective", the particular Phase 2 objectives will be addressed.

The basic incentive for the study project was, of course, the existence
of a large number of offshore tower-shaped lighthouse structures in the
Gulf of Bothnia, offering a unique opportunity to study ice-structure
interaction in an Arctic field, comprehensively although without unrea-
sonable efforts. Also, the outcome of simple ice-structure interaction
studies that had already been in progress in the Gulf of Bothnia during
almost two decades, indicated, that extended investigations would most
likely provide data for considerable improvement of the understanding
of ice-structure interaction phenomena and hopefully generate well-
supported generally applicable models for derivation of ice forces for
the design of offshore structures. Thus, the basic incentive was twofold,
an obvious need for a better understanding of ice-structure interaction
and the existence of an already established experimental field with
properties, both as regards the structures and the ice conditions, repre-
sentative for a relatively broad range of conditions expected to be met
with in various Arctic waters.

Thus, basically, the goal for the study was a model with a broad applic-
ability for prediction of ice forces on vertical-sided offshore structures,
based on field data from the northernmost part of the Gulif of Bothnia
(which part is called the Bothnian Bay). Obviously, such a model must
include a parametric formulation of ice forces, taking into account the
following conditions primarily:

- the ice effective strength or the effective contact pressure (py)

and its time-dependent variations, particularly when drifting ice is
crushed against a vertical-sided indentor.
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- the gross contact area (A) between the ice and the structure.

- the time-history of the global ice force, particularly in the case of
resonance vibrations of the structure.

- the relationship between the effective ice pressure p,, and mea-
surable ice strength characteristics such as the average uniaxial
compression strength of standard test cores (£f,,).

In its most simple form the global ice force was therefore expressed by
the following relationship

F(t) = pealt) - A = k(1) ‘£, " A (2:1)

In this formula the coefficient k(t) must then represent not only the
time dependence of the contact pressure but also its well-known de-
pendence on the size of the gross contact area, the degree of contact,
the aspect ratio (i.e. width/height of the gross contact area) and the
shape of the indentor (flat, circular-cylindric, etc.).

Thus, in compliance with conventions generally applied when equating
static ice forces and after introducing a separate time function to ac-
count for the dynamic effects, the general ice force formula may be
written

F(t) = X Xy ke (1) £, - A 2:2)

where the coefficients kg, k; and k. are intended to account for effects
of structural shape, multiaxial ice stress conditions (depending on the
aspect ratio among other things) and the degree of contact (which may
also include size effects), respectively. Normally the relationship be-
tween the average ice pressure and the uniaxial ice strength £, is also
accounted for by k..

However, it must be realized, that, particularly when considering the
time dependence, these effects are not easily separated. They are ob-
viously more or less interrelated and depending on the variable ice
stress conditions and failure modes. Even during one single cycle of a
periodic ice force sequence, these conditions and thus the above coeffi-
cients must be expected to vary considerably, which the results of the
Phase 1 study clearly demonstrate. In particular, the coefficient k¢,
assumed to express the degree of contact, e.g. the ratio between the net
and the gross contact area, is obviously also depending on the mode of
ice failure etc. The very mechanism of a fluctuating local ice pressure
could thus be reflected by expressing merely k.. as a time function k(t)
and by using values averaged in time for the other coefficients, when
expressing the global ice force:

F(t) = 1':Sn'.l : klm ' kC(t) ’ fum A (2:3)
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However, since it is not a primary purpose of the study to evaluate
shape and aspect ratio influences, a common factor k has been used in
the global ice force time function

F(t) = pg(t) *h-b=k(t) - £, *h-Db (2:4)
as well as for peak values, e.g.
Fpax = Koae “fumg “ B *D 25)

where the coefficient k is relating to the global ice force acting on a
cylindrical, vertical-sided indentor and to aspect ratios for which k; is
generally assumed to be unity, Other shapes and aspect ratios may be
accounted for with reasonable accuracy by using empirical factors aver-
aged for stationary ice force conditions. The function k(t) may thus be
adjusted, approximately by means of time-independent proportioning,
to account for other shapes, aspect ratios etc than the above.

The primary goal for the first phase of the study was thus the estab-
lishment of generic time functions F(t) for the global ice force, based
on measured responses of the affected lighthouse structure and, to the
largest possible extent, to relate the ice force to the uniaxial ice
strength, determined from sampled ice cores. In the next chapter of this
report, where the achievements during Phase 1 are summarized, such
time functions are presented.

The second phase of the ice force study has several purposes which can
be summarized as follows:

(1) Sampling of more data, primarily in the form of structural re-
sponse data (acceleration, inclination), to be transformed into
global ice forces.

(2) Improvement of the procedure for transformation of the above
response data, based on an increased number of instruments and
measurement points and improvement of the calculation program,
separating various modes of structural vibration and thus admitt-
ing a more accurate representation of higher-frequency compo-
nents of the ice force time function.

(3) Sampling of local ice pressure data by means of the ice force
sensing panel system in order to evaluate the distribution of the
ice pressure in space and time and to correlate the time-histories
of the local ice forces with those of the global force.

These evaluations are expected to provide a basis for a better
understanding of the mechanism of ice-structure interaction, and
may possibly support the more or less hypothetical explanations
presented on the basis of the Phase 1 results.
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In principle, the final goal is, of course, to establish ice force prediction
formulae as indicated in Eq(2:4), however with improved accuracy in
regard of the time-function k(t), with its "static" as well as its "dynamic"
part.

In comparison with Items Nos 1 and 2 which may be regarded as direct
extensions of the Phase 1 study, employing largely the same soft- and
hardware facilities, Item No. 3 introduces a completely new feature into
the project in the form of the ice force sensing panels and thus a novel
device for ice force measurements. The panel system which was intro-
duced and tested already during Phase 1 has been given a high priority
both by the former and the present Steering Group, and even merely
the testing of the performance of the system may be regarded as an
important objective of the study. Consequently, a major part of the
project budget has been allocated to the installation and operation of
the panel system.

The introduction of the ice force sensing panel system and the limited
financing means for the second phase of the ice force study, calls for a
concentration of this phase on the dynamic character or the global and
local ice forces. A low priority has to be given to the relationships with
the laboratory-measured ice strength, as defined by standard tests.

The measured effective ice pressure functions p_(t), averaged over the
one, two or three panels or over the whole width of the structure, are
primarily evaluated and compared. Secondly they are related or norma-
lized to well-defined ice pressure characteristics which can in turn be
related to a standard ice strength parameter. In the Phase 1 Summary
Report an average of the peak global ice forces was suggested to consti-
tute this field strength characteristic. The importance of a clear defini-
tion of the selected characteristic must be underlined, having in mind
that the "effective strength” of ice when being crushed varies with time
as well as the size of the gross contact area, not to speak of the net
area.
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3. PREVIOUS STUDIES
31  Objectives

As indicated in the introduction the objectives of the ice force studies,
although basically the same, viz. to understand and quantify ice forces
on offshore structures, were somewhat changed during the course of
investigations. Before the 1970°s the studies were mainly aiming at
evaluation of "static” maximum ice force for various ice and structural
conditions, based largely on experiences of cases of damages by ice
"overloading” of lighthouse structures in the Gulf of Bothnia. At the
start of the Phase 1 studies in 1985 the importance of dynamic ice ac-
tion was focused at as well. In the initial declaration of the objectives,
a static and a dynamic part of the ice load were defined, the latter with
a "saw-tooth"-like time function, the amplitude of which was to be deter-
mined as well as the static ice load part. The intention was to study the
"static” as well as the "dynamic" ice forces under a variety of structural
and ice condition, since it was anticipated, that the ice-structure inter-
action would appear to be very sensitive to such variations.

Another important objective of Phase 1 one was the development and
follow-up of various systems for data acquisition, such as instruments for
measurement of structural “"static" and "dynamic" responses with an
extremely good resolution, video systems for automatic recording of ice
drift situations and the ice force sensing panels.

Based on experience during the course of the investigations, the objec-
tives were somewhat changed.

In particular, improved understanding of the mechanism of ice-induced
vibrations (i.e. that the vibrations are "self-induced" as much as they are
ice-induced and that the frequencies of the ice-load components are
governed by the eigenfrequencies of the structures) made it clear, that
it was better to concentrate on one single well-equipped structure lo-
cated where ice drift is most frequent, than to spread out the resources.
Data from FARSTUGRUND lighthouse was thus of the same character
as data from NORSTROMSGRUND, but scarcer. Furthermore, the
need of comparison between global and local ice forces as well as the
need of a denser instrumentation for the refinement of the calculation
model were good reasons for moving all he equipment to
NORSTROMSGRUND, which was implemented before the observation
period 1992,

It can be concluded, that the modifications of the initial objectives
reflect a transition in the direction from a probabilistic to a more deter-
ministic treatment of the ice-structure interaction problem. Initially, the
phenomenon was assumed to be more complex and depending on "sta-
tistical” parameters to a greater extent than it now appears to be. At the
present stage a deterministic formulation of ice-force expressions, such
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as Eq(2:4), appears to be a good basis for further research and for
design purposes also, with conservative safety factors applied, particular-
ly to the ice parameters. These parameters (strength, thickness) are
likely to be the predominant contributors to the uncertainty of ice force
predictions.

32 Scope and methodology

Since the scope of the previous studies is rather similar to that of the
extended investigations and since the methodology for data acquisition
and analysis is the same to a large extent, the presentation of the pre-
sent report starts out from a recapitulation of the scope and methodolo-
gy of Phase 1. In this section only a brief summary is presented, but
more comprehensive descriptions are included in Appendices 1 and 2,
where procedures for data acquisition and analysis are described quite
in detail. These appendices are referred to also in the descriptions of
the Phase 2 studies in Chapter 3 and the following chapters, where
mainly novel features and thus not the procedures established during
previous studies are addressed.

The structural responses due to ice action were measured and recorded
by means of a system of accelerometers and inclinometers, including
computer and filter units as well as tape recorders.

By means of the accelerometer systems the horizontal acceleration of
the structures when vibrating were measured and recorded with a very
good accuracy ever since the instruments were installed. A few outages
occurred, but they were of minor importance.

The low-frequency or "static" deflection of the ice-affected structures
were measured by inclinometers.

The accelerometers, as well as the inclinometers, are inertia sensing
instruments of, in principle, similar basic design. The latter are, how-
ever, designed for measurement of extremely small inertia forces, pri-
marily due to gravity in case of small changes of the tilt angles.

Great efforts were devoted to the development of such a system for
measurement of the low-frequency components of the structural respon-
ses that constitute the basis for assessing the corresponding low-frequen-
cy ice force components. Realizing that the very small structural deflec-
tions had to be related to gravity, a pendulum system was tested parallel
to the installation of inclinometers. After some trial operations and
laboratory testing the preference was given to the latter instruments.
Methods had then been developed for Fourier-processing of the signals
in order to separate low-frequency from higher-frequency wave compo-
nents and to distinguish between horizontal (inertia) and vertical (gra-
vity) components. After one winter season of tentative operation the
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resolution of the inclinometer system was increased and during the
winter season 1987-88 the performance of the inclinometers as well as
other parts of the response measurement system was satisfactory.

Data regarding ice conditions have been acquired by means of video
cameras, field sampling and study of reports regarding the large scale
ice and weather conditions in the Bothnian Bay.

Video cameras mounted on the lighthouses were triggered automatical-
ly, when structural movements exceeded a certain acceleration limit.
The ice drift velocity and the mode of ice failure could generally be
determined by studying the video records and sometimes the thickness
of broken ice could be estimated.

The field investigations were focused on measurement of ice thickness
and ice temperature, and on sampling of cores for laboratory investiga-
tion of strength and other physical and mechanical properties.

A large collection of structural response data was acquired in the form
of acceleration records, from accelerometers as well as from inclino-
meters. In order to avoid signal disturbances as much as possible, the
signals were digitized before being recorded on magnetic tapes and,
later, on diskettes. The data sequences were labelled so that they could
be synchronized with the video records.

The most complete collection of response and video records was ac-
quired during the winter season 1987-88. This collection contains a large
number of records from ice drift events associated with more or less
pulsating ice forces, many of which of pronounced resonance character.
Some records from the 28th of March are particularly valuable, since
resonance ice-structure interaction is represented as well as more “sta-
tic" indentation and since field samples were taken shortly before the
ice started to move.

The transformation of response data to ice force was performed by
mathematical modelling of the structures and their constitutive proper-
ties etc. Finite element models were employed for determining the
modes of deflection.

The dynamic ice-structure interaction was assessed by determining the
dynamic equilibrium of simplified one-degree-of-freedom systems, the
spring stiffness and internal damping of which could be determined
within a narrow uncertainty range, since the fundamental structural
frequency and the damping could be unambiguously identified in several
records of free vibrations.

Whereas the transfer function, coupling the dynamic mode of deflection

to the ice force, could thus be determined without further calibration
measures, the corresponding static transfer function, i.e. the spring
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stiffness coupling static load and deflection, could only be roughly esti-
mated without calibration tests. Pull tests were therefore performed in
1987 by means of a large tugboat. The time-histories of the applied
forces were measured by means of load cells and the corresponding
deflection time-histories were registered by means of the inclinometer

system.

Several procedures for transformation of the response signals to ice
force functions were developed and tested. Problems that had to be
solved were associated with, for instance, the identification of small-
amplitude, low-frequency signals in the strongly pulsating inclinometer
output and then to dissolve those signals into horizontal and vertical
components. Other problems were associated with base-line errors and
difficulties to identify the true zero base-line in the response signals. It
appeared, that integration could not be carried out over any longer time
intervals without causing problems such as amplification of small base-
line errors.

However, the problems were essentially solved by introducing Fourier-
processing of the signals. By dissolving them into sinusoidal components
the various filtering processes and base-line corrections were greatly
facilitated. Moreover, the spectral characterization of the signals ap-
peared to be beneficial to the understanding of the interaction mecha-
nism and the generalization of the ice force, as will be further demon-
strated.

The analysis procedures are described step by step in Appendix 2.
33 Survey of sampled data

Data sampled during the period 1979-85 (before the start of Phase 1)
was presented and analysed in Report No. 2 of Phase 1. Data sampled
during the course of Phase 1 was dealt with in Report No. 5.

The quality of the data has been improved continuously. Therefore,
although early data were very useful as a basis for improving the under-
standing of the ice-structure interaction phenomenon and for further
development of data acquisition systems and amalysis methods, data
from the end of the second period is preferred for deterministic analy-
sis, due to its completeness and comparatively high resolution. Actually,
as pointed out in Report No. 5, there was good reasons for concentrat-
ing the analysis on selected data from the winter season 1987-88, which
records are unique, since both low-frequency and high-frequency re-
sponses were recorded with a very good accuracy and since the ice
parameters could be assessed reasonably well, particularly during some
sequences of strong resonance vibrations.

Some data from this period has been selected for reexamination, em-
ploying the improved analysis methods developed during Phase 2.
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Ice drift Max. Remarks

period acc

880113 0.35g A few sequences of strong vibration

880117-20 0.40g A few sequences of medium to
strong vibrations

880205 0.10g Field sampling 880210. 14 hours’
intermittent vibration

(880110, 14) Ice pressure (stationary)

880216 0.10g Short vibration sequence

880211-26 0.25g Many short and some long sequen-
ces

880301 0.20g Several short and some long sequen-
ces

880303 0.25g Several long and some short sequen-
ces

880307 0.20g Many long and short sequences
(mainly small amplitudes)

880310-11 0.20g Many long and short sequences
(mainly small amplitudes)

880320-26 0.10g Many long and short sequences
(mainly small amplitudes)

880328 0.35g Field sampling 880328.
Strong vibrations

Table 3-1: Observed ice drift periods in 1988 at Norstrémsgrund

ENZ fIceprol4/18b



The loading function was thus represented by a constant p, and a series
of sine waves with n = 1, 2, 3, 4 etc,, the angular frequencies nw, of
which are multiples of the fundamental structural frequency ;. The
coefficients py, p, .. p, Were tentatively quantified in relation to the peak
pressure p,... Iypical relations between the effective pressure and the
uniaxial ice strength were also indicated.

The qualitative part of the model was an attempt to explain the mecha-
nism of ice-structure interaction, primarily the "dynamic" phenomena,
although coupled to "static” indentation. Of course, these explanations
were partly hypothetical, but were suggested as a basis for the planning
of continued studies, particularly investigation of the distribution of the
ice pressure not only in time but also in space.

The model thus proposed was described briefly in a report to the
POAC 89 conference, which report is enclosed as Appendix 3.
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4. METHODOLOGY
4.1 Evaluation of global ice forces

In principle, the evaluation of global and local ice forces utilizes similar
mechanisms for acquisition of data and transformation of measured
quantities to ice forces, viz. basically the spring mechanism. In the case
of local ice forces, it is the elastic strain in the panel supports that is
measured and transformed into reaction forces on the basis of cali-
brated constitutive relationships between the measured strain and the
corresponding stresses. In the case of global ice force evaluation, the
entire lighthouse structure serves as an elastic obstacle, the deflection
of which is measured and transformed into global ice forces also on the
basis of constitutive relationships and, in respect of dynamic response,
also on the basis of relationships between measured response motion
characteristics and the masses, eigenfrequencies and damping properties
of the structure. All these relationships have been quantified on the
basis of calibration tests and, in respect of eigenfrequencies and eigen-
modes, observations of free vibrations initially generated by ice loads.

Thus, the evaluation of global ice forces comprises the following activi-
ties, basically:

*  Measurement of the response of the lighthouse structure by means
of accelerometers and inclinometers, placed at different levels.

*  Mathematical processing of the obtained acceleration records in
order to eliminate base line errors and to determine the low-fre-
quency ("static”) tilt angle of the structure.

*  Transformation of acceleration and inclination response data to
global ice forces on the basis of the above constitutive and dyna-
mic transfer functions.

The instrumentation for response measurements is, in principle, the
same as described in Chapter 3 for the Phase 1 measurements. More
comprehensive descriptions are given in Appendix 1. However, since the
measurements are now concentrated to Norstromsgrund lighthouse, the
instrumentation of this structure has been doubled. The additional
instruments are used for the purpose of redundancy in two respects.
One is for malfunction of the instruments, the other is for checking of
measured quantities by comparing acceleration records at different
points. The latter also enables an improved accuracy in determining the
modal shapes of the structure.

The locations of the instruments are shown in Figure 4:1.
Also, the procedures for processing the response data are to a large

extent the same as those previously developed and applied during
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Phase 1. Thus, the procedures briefly described in Chapter 3 and more
comprehensively in Appendix 2 have been applied with some exceptions
to Phase 2 as well.

The exceptions are relating to an improved accuracy in the transforma-
tion of resonance vibrations to "dynamic” ice forces by accounting for
secondary modes of vibration as well as the fundamental cantilever
mode. The latter is doubtless of a predominant importance, since it
governs the "self-induced” vibrations and thus the very mechanism of
ice-structure interaction, but if the other modes are disregarded in the
derivation of the ice force time-history (as in Phase 1), an unnecessary
approximation is made.

The confirmation of the phenomenon of self-induced vibration and the
fact that the ice force at resonance is composed of component sine
loads with frequencies which are multiples of the fundamental frequen-
cy, facilities a more accurate derivation of the various sine components
of the load and thus of a more accurate shape of the composed load
time-history. Furthermore, a selective choice of measurement points
makes it possible to improve the accuracy of the FE-model, in respect
of the shapes of higher modes of vibration particularly.

For each sine component of the load the following procedure is applied:
*  The load component is F, = F, ., sin (ot + ©,)

*  The response at the reference point of the lighthouse is

* Fn max/in max and 0, -9,
are determined by means of the FE-model

*  The quantities X, ., and ¢, are determined from each particular
sequence of recorded (stationary) accelerations that is to be ana-
lysed after disintegration and discretization into individual sine
components, corresponding to the frequencies o,

The procedure is demonstrated in Appendix 4.

Of course, when comparing this procedure with that of Phase 1, it must
be kept in mind that the latter was developed and used not only for
sequences of steady-state resonance vibrations but for general derivation
of ice force time-histories based on various types of responses. How-
ever, one of the conclusions of the previous investigations was, that the
stationary resonance conditions are likely to be predominantly decisive
to the design of offshore structures susceptible to ice-induced vibrations.
Therefore, for practical purposes and for the purpose of developing a
generic model for "dynamic” ice load prediction, the present procedure
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is judged to be preferable, and it is consequently generally adopted in
the present phase of the study.

In the case that other than steady-state vibration sequences are con-
sidered, the method used in the previous studies may be applied. How-
ever, the accuracy would be improved if the response of the fundamen-
tal mode could be isolated. The quantities xx and x of the isolated first
mode should then be introduced into the general equation of motion,
the solution of which yields the instantaneous values of the total ice
force.

The isolation of individual modal responses from the acceleration re-
cords is, however, a complicated procedure, requiring a sharp iden-
tification of the various modal shapes, if a high precision called for.
This in turn calls for a considerable number of instrument levels. For
reasons given above such efforts are not within the frame of the present
study. Since the steady-state vibrations are focused at, the more straight-
forward analysis method with a direct transformation of responses with-
out modal separation is preferred. The particular advantage of this
method is that the realism of the derived ice force function can be de-
monstrated simply by applying the derived ice force time-history as an
input to the FE-model and comparing the computed output responses
with the instrumental observations.

4.2 Evaluation of local ice forces

As declared in Chapter 2 an important objective of the present study is
to sample local ice force data, enabling an evaluation of the ice force
distribution not only in time but also in space. Such an evaluation was
considered important already during Phase 1, when preparations for
local measurements were made which were expected to provide additio-
nal bases for prediction of ice forces and for explanation of the mecha-
nisms involved.

The lighthouse Norstromsgrund was provided with arrangements for
being lined with ice force sensing panels around the entire circum-
ference. However, due to the considerable costs for manufacturing and
installations of the panels, their number had to be restricted at three
panels, each with a width of 0,6 m. Thus a maximum of 16 per cent of
an exposed half-circle can be expected to be covered by the panels, but
the important thing is, that the panels are spaced so that the simulta-
neous ice force time-histories at the panels can be compared with each
other and with the global ice force time-history.

The ice force sensing panel system is described in the next chapter and
in Appendix 5.
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43 Uncertainty assessments

The accuracy of the derived global ice load time functions depends, of
course, on the accuracy of the simulation of various structural properties
in the FE-model. A perfect result requires, that the model shapes and
the model eigenfrequencies are perfectly simulated. Since perfection
cannot be obtained with reasonable efforts (for example without a large
number of measurement points and tests in order to map the exact
model shapes) a certain degree of uncertainty must be tolerated. The
uncertainty can, however, be limited to a level, where it is practically
negligible. The following aspects are important in this respect:

*  The model shall be applied merely to conditions of steady-state
vibrations.

*  Loads and responses shall be disintegrated into their sine compo-
nents by Fourier processing.

*  The eigenfrequencies of the first three modes of the model shall
agree well with those of the lighthouse structure. (A frequency
range up to about 20 Hz is then covered.)

*  Since it is difficult to assess the modal shapes with a good preci-
sion based on a few measurement points, it is important to use
response values, to which the second and third modes contribute
as little as possible. In particular, the second mode should be
avoided. Accelerometer are therefore placed closely to the zero
deflection point of this mode. The reason for this is, that the fre-
quency of the second mode is fairly close to the frequencies of the
2nd to 3rd sine components of the load. Closely to resonance the
amplitudes and phase angles of the structural modes are very
sensitive to these frequency relations, the evaluation of which may
not be perfectly exact. The accuracy of the quantities used for
transformation from response to load components is therefore
improved, the more the influences of the 2nd and 3rd modes are
avoided. The 3rd mode, however, has little influence even at reso-
nance, since its zero point of deflection is located closely to the
ice load.

*  The structural damping is, of course, a potential uncertainty fac-
tor. Inaccurate modal damping ratios introduced in the model
mainly affects load sine components close to resonance. Since
resonance effects of the higher structural modes are minimized,
as mentioned above, it is only the amplitude of the first mode that
is significantly affected. Based on studies of sequences of free
vibrations, the damping ratio of the first mode has been estimated
at 0.040 +0.005. The corresponding uncertainty range of the fun-
damental ice force amplitude is of the order of 10 per cent.
Damping effects due to friction between the vibrating structure
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Figure 4:1

The NORSTROMSGRUND lighthouse
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Figure 5:1
Principle design of an ice force sensing panel

The panel has a thick front plate exposed to the ice action and al] the
load paths towards the support base plate, i.e. the bearing points, are
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instramented with strain gauged load cells. The support reactions are
superposed so that the total ice force on the panel will be measured. A
unique feature of the TIP-panel is its capability of measuring two com-
ponents of ice forces: the normal ice force component as well as the
tangential component which acts horizontally (parallel to the waterline).

The base plate of the panel is mounted against a polygonal steel shield
which is rigidly fixed to the lighthouse. The free space between the base
plate and the front plate is entirely sealed, in order to avoid ice accre-
tion and thus uncontrolled load paths. In order to upgrade the safety
against water leakage and ice accretion, an internal heating system as
well as passive protective means have been installed. All around the
panel, the base plate extends over the dimensions of the front plate to
provide the possibility of clamping the panel against the supporting steel
shield.

The four load cells installed in each of the TIP ice force panels are
strain gauged cylindrical load measuring bolts, supplied by Dr. Brandt
GmbH, Bochum. The operational load of each load measuring bolt is
400 kN, thus providing a load capacity of 1 600 kN to the entire panel.

Two of the load cells are uniaxial to record normal load components,
whereas the other two are biaxial for recording the normal as well as
the tangential load components.

All functional elements of the panel have been designed to be fully
operational down to a minimum temperature of -50°C.

Those structural components of the TIP-panel which are not made from
stainless steel, are painted with an epoxy coating. The outer surface of
the front plate is coated with a highly abrasion-resistant epoxy coating.

More details of the panel system are given in Appendix 5.

52 Static and dynamic calibration tests

Each single load measuring bolt as well as the complete TIP-ice force
panels have been checked within the frame of a comprehensive testing
program. Loads were applied in several steps up to the design load in
normal as well as in tangential direction. The panel was loaded at va-
rious locations on the front plate, e.g. closely to the edges, in order to
prove, that the response of the panel is independent of the point of load
application. The test results show, that the linearity, i.e. the deviation
from the straight line, is less than 5% of the design load, for normal as
well as for tangential loading. The panel response on

dynamic, saw-tooth like load time-histories was quite accurate.
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53 Panel arrangement

Around the cylindrical concrete shaft of the lighthouse a 20-sided poly-
gonal steel shield has been rigidly installed in the waterline region. The
steel shield provides twenty plane steel surfaces, each outfitted with a
matrix of threaded holes for optional attachment of ice force panels.
Thus, any flexibility for changing the position of the existing panels is
provided, as well as the possibility to increase the number of panels up
to a maximum of twenty.

From assessment of previous extreme ice force events at the lighthouse
Norstromsgrund, a slight tendency could be detected at mid winter
conditions for prevailing ice drift directions towards the north. There-
fore, the ice force panels were installed in due south of the lighthouse
as illustrated in Figure 5:2.

1CE FORCE PANEL 2

Figure 5:2
Panel arrangement

Three panels have been arranged such that they cover a 90°-sector
together with two dummy panels to be installed between two sensing
panels, in order to compensate for the projection of the panels. Corre-
spondingly, two end-dummy panels have been installed in order to ad-
just the projection of the panels towards the actual curvature of the
polygonal steel shield.
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The sensing as well as the dummy panels are fixed towards the steel
shield by clamping the top and the bottom part of the flanges by means
of solid steel mounting bars.

54 Data acquisition system

Each of the three ice force panels is equipped with two biaxial and two
uniaxial load cells. Therefore, there are six measuring channels per
panel, and thus a total of 18 channels have to be simultaneously record-
ed by the data acquisition system. In order to be capable of identifying
ice force peak values of short duration, the data sampling rate is about
30 Hz during dynamic ice load events.

In order to be able to automatically store as much data as possible,
HSVA has developed a special "dynamic" data storage computer pro-
gram; i.e. the measuring frequency will be constant at about 30 Hz,
however, the measured data will only be stored for later data treatment
if a certain relative change of data can be detected compared to the
data measured immediately before ("dynamic threshold").

5.5 Measurements in winter 1988-89

The automatic operation of the data acquisition system for the three ice
force sensing panels was started on the lighthouse Norstrémsgrund in
mid February 1989. Initially, due to the extreme mild winter and un-
favourable ice drift directions, the ice force records were poor. The
situation did not change remarkably for a period of about one month.
Then, the general ice conditions in the study area altered and the major
ice drift direction was towards the southern edge of the lighthouse,
where the three ice force sensing panels had been installed. Thus, an
almost continuous ice force recording was obtained over a period of
about one month from March 24 until April 20, when the data tape was
unloaded on occasion of a regular inspection trip to the lighthouse.

The analysis of the data and its results are discussed in Chapters 8 and
9.
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6. MODIFIED PROCEDURE FOR TRANSFORMATION OF
STRUCTURAL RESPONSE SIGNALS TO ICE FORCE
TIME-HISTORIES

6.1 General

The previous studies led to the conclusion, that sequences of regular,
fully developed steady-state resonance vibrations are decisive for most
design purposes, in the case that the ice-structure conditions are likely
to generate such vibrations. It was also concluded, that, in most cases,
the conditional probability of fully developed resonance is rather high,
once a structure is susceptible to ice-induced vibration. Thus, resonance
is likely to occur within a broad range of ice conditions, including vary-
ing ice drift velocities.

Based on this conclusion, the analysis of global ice forces can now be
focused merely on sequences of steady-state vibrations. For such se-
quences, the accuracy of the transformation between measured structu-
ral response and global ice force time-histories can then be improved
in the following respects.

* All the modes of the structural vibrations can be considered, in
the response functions as well as in the derivation of the relation-
ships between the responses and the ice forces. (In the previous
model the latter procedure was based on an approximation, ne-
glecting other than the fundamental, predominant mode, notably
the mode that governs the ice-structure interaction.)

*  The transformation procedure becomes more straightforward and
transparent, since several steps of the previous procedure can be
omitted. Thus, the ice force functions can be derived directly from
the acceleration signals, after Fourier-transformation. Step-wise
integration of irregular signals is avoided. Integration errors need
not be a concern as in the previous work.

* A FE-model, processed by means of a comprehensively tested
commercial computer code, can be used for the mathematical
processing of the signal transformation. The compliance between
a measured accelerogram and the derived ice force time-history
can then be demonstrated by applying the latter function as a load
input to the FE-model.

As indicated above the novel procedure for transformation of measured
responses to ice forces takes advantage of the fact that, during a se-
quence of steady-state resonance vibrations, a sine load generates a sine
response with the same frequency. The components of free vibrations,
with frequencies closely to the eigenfrequencies of the structure, are
thus essentially damped out, when the vibrations stabilize into steady-
state oscillations. Then, each sine component F, = F, . *sin(w,t+6,)
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of the load corresponds to a response component, e g acceleration, as
follows:

Xy = Xp max * SiD(04t + @)

Therefore, once the amplitude and phase relations between the load
and the response have been determined by means of an accurate model
of the ice-affected structure, these quantities can be used for transfor-
mation of any sinusoidal acceleration to the corresponding sine load.

Thus, two main tasks can be distinguished between. The first concerns
the derivation of relationships between sinusoidal unit loads and re-
sponses for the particular structure, the responses of which are measur-
ed. This can be performed once and for all for a particular structure
such as the NORSTROMSGRUND lighthouse. Secondly, each indivi-
dual record of measured response signals have to be processed by
Fourier analysis and transformed into ice force time-histories, employ-
ing the structure-specific relationsships between amplitudes and phases.
The two phases of the work are described and illustrated by examples
in the following.

62 Amplitude and phase relations between acceleration and ice
force sine components

6.2.1 Calibration of the FE model

The FE-model, developed during Phase 1 of the ice force study, was ad-
justed (stiffnesses and masses) so that a reasonably good agreement was
obtained between its modal frequencies and the eigenfrequencies of the
lighthouse structure (Figure 6:1). The latter quantities can be identified
in the power density spectra of the measured acceleration records. Most
clearly, the modal frequencies can be distinguished in records of mainly
free vibrations, but the peaks representing the eigenfrequencies are also
visible in other records, as indicated in Subsection 6.2.3.

The following points are of major importance in the modelling of the
structure:

ENZ,/Iceproji4/18e



6:3

b, 1
HELCCPTER PLATFORN
I 4 U ) 4100 RAOAR AEREL
T T —
LANTER ROOM
OT 5 "i EI |5 ACLELEAMITERS HES 1 4D 2/-1308)
:..1 ] % w K Jrammanion aumey
i —— ADLD ACOM
\rl &g CAISSON WITH LIGHTHCUSE ¢
¥ " . \ . FRESH AR IHTAKE
Ag s TEMPORARY WALL & O SITE i
1
r--— -
82 13
] 12 = Ui':: +31.50 Acceleromaters 1-4 (naz,-)
)
L tH 3} =4 1l g O QUARTERS
G
=3
rﬁg! T" ' INTRANCE CECX
3 10 — 115,85
. . e
gE H | :| oL Tanxs
ﬂ ‘ TIMPORARY PONTOON Wil QL TANXS
9 CONSISTING QF COUPLED ? MSEL ELECTAIC GINERATORS
o oousLEwIL $THEIL SECTIoNS !
&
1 OIESEL ELECTRYC GENERATOR
A g Jnciinometers 14 (1592 )
fl T :
1" e wr [Ty
L & F"' . We  WATLR LEVEL GAUGE
Yoo
ERERLY
% 5705
CRAUGHT N CIMENT GROUILD
= ; oums | 5 'Wu staues
17 -um L
[} P -150
i I b4 -4.30 v . ¥ vol.  BLECTAIC CABLE INMARE
X - TAIN LIGHTNING CONDUCTOR
ml u°1|_._‘, 3 CAIGHT 8 RADWL umLs & SALE WATER INTAKE
™o . SEWAGE PIPE
3
[1]] 2 MEHT GROVILO
 S— :gusnio STOHES
o] { 000
L
— R e e e .

MODE 1 FREQ 2.398!1

16

i
15

|[ 14

| 13
12

l 11

I

I 10

|9

|8

I7

B

S

4

3

2

s~

Figure 61

BEASE HMOmALAIC  SOIL

THE NORSTROMSGRUND LIGHTHOUSE

Sa

MODE 2 FREQC 6.0141

MODZ 3 FREG 11.377

The FE-model and its significant modes of vibration

ENZ,/Iceprojl4/18¢



- The true modal frequencies and modal shapes, at least in the
proximity of the measurement points, must be simulated with a
very good accuracy. Since the fundamental eigenfrequency f, gove-
ms the frequencies f, of all the load components, it is important
primarily to obtain the correct ratios between each modal fre-
quency f, and f,. A small deviation between the true £, value and
that of the model can be tolerated only the ratios f /f; are correct.

In our case we accepted f; = 2.40 Hz in the model, whereas the
true frequency is normally around 2.35 Hz. This difference does
not affect the derivation of amplitude and phase relations. Only,
when demonstrating the ice-structure interaction by applying a
derived load time-history to the model, this difference has to be
accounted for by adjustment of the sine components of the load
to fit f, = 2.40 Hz instead of the measured frequency 2.35 Hz.

- The modal damping, particularly that of the first mode, must also
be determined with a good accuracy, since it strongly governs the
amplitudes of the resonance vibrations and, though of less import-
ance, the phases.

In principle, the modal damping can be determined for each mode that
can be distinguished (by filtering) within the selected sequence(s) of
free vibrations. Among other records of essentially free vibration, one
of those displayed in Figure 6:2 (from March 28, 1988) may serve as an
example.

ime History, Log[PSD} vs FIEE nB3siod1 U1 No 3mocth M
62
-.00708!
R0 T3N3
-400
Log
?3D /"'
B //\/ \‘\
-8.0
! H
~100 =
0.0 z 5.0 TS 1.

Figure 6:2

Displacement time-history from March 28, 1988, with sequences of
essentially free vibrations

For the predominant 1st mode the damping can be determined directly
from the recorded accelerogram as follows:
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¢fC = 1, In 22—
2n /%,

where m is the number of cycles and =x,/x,, is the sum of ratios be-
tween m consecutive amplitudes.

'Thus, for the time period from 319 to 322 seconds, the average damping
was obtained as follows.

1.1

2x 0,800 - %034

m = 5:¢c/cy =

Previously, damping ratios between 0.036 and 0.050 have been observed.
The most probable value is 0.040 +0.005, possibly including some "ice
damping”, due to friction against broken fragments of ice, for instance.

6.22 Determination of acceleration amplitudes and phases for unit sine
loads

The following instruction applies to the derivation of amplitude and
phase relations.

(1) Apply unit sine loads to the FE-model
F =1 ‘sin nw,t withn = 1-5

(2) For each sine load determine the acceleration sine functions for
steady state vibrations of modes 1, 2 and 3 individually and for all
the modes vibrating together. 3 instrument levels are investigated.

The response acceleration functions are defined by amplitude
maxima and phase angles:

By = Ay ey S0 (DOt + @)

n are load component numbers
k are mode numbers

2, ma, and @, are thus determined for

n = 1-5 and
k = 1-3 and for =k.

See Figure 6:3: Responses of the FE-model and its eigenmodes to
unit sine loads n = 1-5.
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The amplitude values a, .., and phase angles ¢, for the common respo-
nse of all the modes are listed in Table 6:1.

Sine Acceleration amplitude Phase angle
load per 1 MN load amplitude @, (radians)
No n (m/s?)

1 4.30 1.511

2 1.04 6.261

3 0.57 3318

4 0.13 3.274

5 0.07 3.419
Table 6:1

Responses to unit sine loads: Acceleration amplitudes and phase angles
in node No. 14. Responses of all the nodes k = 1-3 taken together.
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Responses of the FE-model to unit sine loads n = 1-5
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2) Filtered acceleration signals

As illustrated in the logaritmic Power Density Spectrum (Figure 6:4),
the vibration amplitudes are very much concentrated around the peaks
representing the fundamental frequency and its multiples. Since the aim
of the study is to define a generalized ice force time-history for reso-
nance vibrations, the very small vibrations within the intermediate fre-
quency ranges can be neglected which is also a condition for the validity
of the transformation model.

Therefore, the first step of the signal processing is to filter the signals
as iflustrated in Figure 6:5. This can be done without any significant loss
of vibration energy and it results in a "smoothed" accelerogram, com-
posed of essentially sinusoidal components with frequencies correspond-
ing to the fundamental eigenfrequency and its multiples (n = 1-6).

FFT | TIME HISTORY, LOG(PSD) VS F FILE: NB83SMOS1.!1HS  NO SMOOTH MR
1036.1

-1174.3

6.00

4.00

2.00

0.0

0.0 5.00 10.00 15.00 20.00

Figure 6:5
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6:10

) Disintegration of the acceleration signals

The various components of the filtered signal shown in Figure 6:5 are
displayed together with their Power Density Spectra in Figures 6:6 and
6:7. The lower frequency signals are very regular and sinusoidal,
whereas the higher frequency signals are slightly irregular, depending
partly on the limited resolution of the measurement frequency (50 Hz),
However, without any significant loss of accuracy the various com-
ponents can be treated as sine components in the transformation pro-
cess:

o = Xy may " SI{@,t + @)

The amplitudes X, . are given in "signal units" which are to be multi-
plied by -0.00191 (for Signal 1) to obtain the acceleration value in m/s?
(+0.00191 for Signal 2).

The amplitudes and phase angles are as follows:

B ¢ (ad) %, (/)
1 2.0647 -1.960

2 0.6283 -0.3316

3 5.7002 -0.0966

4 1.2566 -0.0491

5 0 -0.1150

6 0.4485 -0.0199

FET | TEME AISTORY. LOG(PSD) VS F FILE: NB3SMOSI.1HI  NO SMOQTH HR
1026.3 J/////////' \\\\\\\\\J/////////ﬁ
~1026-3 \\\\\\\\\\ ‘\\\\\\\\\\\ ,///////////—

6.00

0.0
0.0 5.0 10.00 15.90 20.69

Figure 6:6
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(4) Transformation of acceleration signals to ice force com-
ponents

The ice force components

Fn = anax ‘ Sil](]lmlt + en)

are obtained from the acceleration functions derived under point (3)
and the unit force response relations dealt with in Subsection 6.2.2

which give the following expressions for the amplitude and phase angle
of each ice force component

en = ¢n i

Fn max = -x-‘ll III&I./ aﬂ max

The resulting ice force components for n = 1-3 are displayed in Figure
6:8
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&) Superposition of ice force sine components in Direction 1

The amplitudes and phase angles obtained by transformation of acce-
leration signals are as follows:

n Fy e (MN) @, (rad.)
1 -0.456 0.553
2 -0.319 0.650
3 -0.169 2.382
4 (-0.10) 4.266
5 (-0.10) 2.864

Negative amplitudes only indicate the direction of the ice force in the
selected coordinate system. The sign is neglected in the graphs below.
The amplitudes of the components 4-6 could only be roughly estimated
due to a considerable uncertainty as regards the shape of the 3rd mode
of vibration near to the measurement level,

The resulting sums of the ice force components

n = 1-3 and n = 1-5, respectively, are displayed in Figure 6:9, It
appears, that the contributions of the 4th and 5th components still tend
to be affected by a considerable uncertainty. At present, it is preferred

only to rely on the components n = 1-3 to represent the "dynamic" part
of the ice force time-history.
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(6) Superposition of static and dynamic as well as directional
components

The "dynamic” ice force time history in Direction 1 is to be added to the
"low-frequency” or "static" ice force component, determined by incli-
nometer measurements as described in Section 4.

F(t) = F(t) + =F, ., - sin(nw,t + 6,)

For the sequence studied the "static" ice force was almost constant: F,
= 1.98 MN.

Finally, the time-history of the resultant global ice force can be ob-
tained by vector summation of the directional components at discrete
points of time. Thus, the resultant of the components along Direction
1 and 2 for the selected sequence has been computed. The time-history
is displayed in Figure 6:10. However, since the direction of the resultant
varies, the unidirectional components along Direction 1 and 2 are pre-
ferred as a basis for generalization of ice load components.

VALUC OF TIMEFUNCTION
1

o0 00

Figure 6:10
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7. GLOBAL RESPONSE DATA

As mentioned in the introduction no additional ice force data could be
acquired during the period 1990-94 due to the unusual persistence of
the series of mild winters and the gradual falling off of the operability
of the ice force sensing panel system. In accordance with the project
plan, global ice force measurements were to be carried out only in com-
bination with local ice force measurements, in order to concentrate the
budget means on such coordinated measurements. Therefore, no efforts
have been made to sample giobal data even during the present winter,
although the ice conditions may have offered such opportunities at last.

However, our somewhat revised judgement is that, as regards the global
ice force measurements, it is the quality of the data and not the quantity
that is important. This is because we have found that the dynamic ice
structure interaction can be modelled in a deterministic way. The need
of data for probabilistic evaluation is not as strong as was presumed,
when the Phase 1 program was outlined.

Therefore, in the work with refinement of the global ice force characte-
rization, we have continued to use the same selection of data as was
used in the Phase 1 study. This is a selection of the best data as regards
fully developed resonance vibration of the structure, accuracy of ac-
celeration as well as "static" deflection measurements and simultaneous
observations of ice conditions. On the basis of these data a generalized
ice force function has been derived as expressed in the preceding chap-
ter. The function is anchored in the "static" ice force component which
is in turn anchored in the "time-averaged effective ice pressure” as ex-
plained in Chapter 9. The latter parameter may, of course, be deter-
mined based on a probabilistic approach, since it is related to ice
strength and ice thickness, etc.
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8. LOCAL ICE FORCE DATA

As mentioned in Chapter 2 the aim of the program for sampling local
ice pressure data by means of the panel system was to study the ice
pressure distribution in space and time and to correlate time-histories
of local pressure with those of global forces. In particular, the intention
was to test the hypothesis presented as a result of the Phase 1 study,
that this space-and-time distribution of the contact pressure is the prime
explanation of the resonance phenomenon as well as, relating to the
same mechanism, of the size dependence of observed "effective” ice
pressures.

Since no data could be sampled after 1989, the only available basis for
progress in the intended direction is the data collection from the
March-April 1989, presented in HSVA’s Report No 201/90 from March
1990 [Ref 3]. A considerable amount records of ice forces on the three
panels was sampled during the period March 24 until April 20. The ice
conditions had been investigated as late as on the 23rd of March, when
the ice was already moving.

Unfortunately, the ice conditions were such, during the whole measure-
ment period, that fully developed resonance vibrations did not occur.
Furthermore, since springtime conditions were prevailing the ice was
rather porous already in the beginning of the period and the ice con-
ditions changed fairly much during the period. Therefore, the character
of the ice force records is much more heterogeneous and diffuse than
could be expected on the basis of experience from previously sampled
global ice force records from periods of more homogenous conditions,

However, even this observation has a certain value and may be regard-
ed as another manifestation of the randomness of the ice pressure.

Examples of records from 1989 are shown in Figures 8:1 - 8:3. The
records shown in Figures 8:1 and 8:2 are typical for the most common
situations when the ice is indented by a structure which does not move
periodically. As pointed out in HSVA’s report, the independence in
time of the peak forces on the three panels is obvious.

However, although most of the records have this character and there
are no records of typical resonance character, the records shown in
Figure 8:3 indicate a tendency of resonance ice-structure interaction
during a few seconds, with a predominant frequency around 2.3 Hz
which is that of the fundamental mode of the lighthouse. In these re-
cords the peak forces on the two most affected panels are also more
correlated in time than in other records, although the correlation only
indicates a slight resonance.

Other conclusions can probably be drawn from this collection of local
ice force records, but as regards the main objective of the present study,
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Figure 8:1
Ice force sensing panel records from March 28, 1989.
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Ice force sensing panel records from March 28, 1989.
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Ice force sensing panel records from April 4, 1989 with resonance
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9. AN IMPROVED MODEL FOR CHARACTERIZATION OF
ICE FORCES ON OFFSHORE STRUCTURES

9.1 The generalized dynamic ice force function

Based on the results of the analysis described in Section 6 the previous-
ly suggested generalized ice force formula can now be adjusted, Thus,
the improved accuracy of the process for transformation of response
data is taken advantage of, resulting in a reduced uncertainty as regards
the amplitudes of the dynamic components as well as the shape of the
ice force time function.

Basically, the global ice force is still expressed by means of one "static"
and a number of "dynamic” components:

F=F +2F, . sin (no,t + 8,)

As in the previous studies the amplitudes of the sine components can
be normalized to the "static" or mean load which can then in turn be
related to ice strength characteristics etc. The adjusted amplitude ratios
and phase angles are:

n F,../F, 6, (rad)
1 0.23 0.55
2 0.16 0,65
3 0.09 238
4 (0.05) 4.26
5 (0.05) 2.84

For most purposes it is likely to be sufficient to use only the three sine
components n = 1-3. The resulting generalized ice force time-history is
displayed in Figure 9:1. However, in the case that structures and equip-
ment are sensitive to resonance at higher frequencies, load components
with frequencies higher than 3 times the fundamental frequency should
also be included as indicated in Chapter 6, in which case the increasing
uncertainty as regards the amplitude values should be observed and
accounted for by correspondingly increased safety factors.

ENZ,/Tceprojl4/18h



1.50

1,0

0,5

ICE FORCE F(t)

0 1T, 2T, TIME

Figure 9:1

Generalized ice force time-history normalized to unit static ice force
F, = 1. T, is the predominant period of the natural vibrations of the
structure with respect to displacement at the ice level. Fourier com-
ponents a = 1, 2 and 3 are included

92 Calculated response of the Norstrémsgrund lighthouse to the
generalized dynamic ice load

The acceleration response of the Norstromsgrund lighthouse model at
the accelerometer level (node 14) to the derived dynamic ice force
(n = 1-3) was calculated in order to demonstrate the suggested re-
sponse calculation procedure and also to check the appropriateness of
the procedure for deriving the ice load by going backwards from load
to response.

Thus, the dynamic load time-history shown in Figure 6:9 (n = 1-3) was
applied as a load input to the FE model, the acceleration response of
which was computed in accordance with the SOLVIA code. The com-
puted acceleration time-history of node 14 is displayed in Figure 9:2.
This time-history may be compared with the recorded accelerogram
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displayed in Figure 6:4. The values of the calculated acceleration ampli-
tudes stabilize at about 0.22 g which is well in agreement with the
average of the measured acceleration amplitudes. As expected, there
are some peaks, even up to 0.27 g, in the record. Allowance for such
occasional effects can be made within the frame of the safety-factoring
of the design load.

NORSTROMSGRUND LIGHTHOUSE LOAD FREQUENCIES 2.398 4.796 AND 7.194 HZ

NODE 14 X-DIR ACCEL. (m/s%)

1

2.10 -1 S0 -0.9q ~0.30 0.30

in
|

<

A

060 0.80 §.20 1.80 2.40 3.00 3.60 4.20 4.80 5.40 6.00 6.80 7.20
TIME

-POST 90 VBB VIAK AB, STOCKHOLM
Figure 9:2

Computed acceleration response of the lighthouse model when sub-
jected to the load time-history derived based on the measured response
of the lighthouse.

23 Quantification of the ice force function based on ice para-
meters

The anchor parameter for the generalized dynamic ice force function
is the "static” ice force component F, which is obtained by averageing
the fluctuating ice force during a time period of sufficient length not to
give rise to any dynamic response of the affected structure.
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This average force may also be written as the product between the
"effective ice pressure” and the "gross contact area™

Fo=peﬂ'.Ag

Since the net contact area could hardly be quantified in generalized
terms, it is the "effective pressure over the gross area” that has to be
related to the specific ice conditions, for which the ice force is to be
predicted. Then, by analogy with the definition of the static ice force F,,
the effective ice pressure should be defined as the mean ice pressure
over the gross contact area, averaged during a time period of sufficient
length to obtain a smooth time-history, not affected by the fluctuations
caused by local pressure increase followed by brittle failure. In mathe-
matical terms this component of the pressure may also be expressed by
one or several of those low-frequency Fourier-components of the load
which have lower frequencies than the components reflecting the fluc-
tuations associated with local ice failures.

This "time-averaged effective ice pressure” can be related to the various
ice strength parameters, the size of the contact area, the ice thickness,
etc. as described in Chapter 2.

From the observations of ice forces acting on the ice force sensing
panels, as summarized in Chapter 8, we can draw the conclusion, that
the effective ice pressure, defined as above, will be less sensitive to the
geometry of the contact area than peak pressures. By superposition of
simultaneous time-histories from two or three panels we can see, that
the peak values of the effective pressure vary considerably with the size
of the total contact area.

Considering the mechanism of more or less random local failures over
the cross contact area, this is what can be expected, but little attention
has been paid to this condition when observations and derivations of ice
forces have been discussed in literature.

In summary, the work during Phase 2 of the study has resulted in a
refined model for characterization of ice force time-histories as well as
improved understanding of the coupling between the load characteristics
and the failure mechanism of the ice. This has been achieved mainly by
an extended analysis of data from Phase 1, since the extreme series of
mild winters in Northern Europe has precluded sampling of additional
data.
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IN THE BOTHNIAN BAY
Phase 2

PROCESSING OF RESPONSE DATA DURING PHASE 1
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APPENDIX 2:1

PROCESSING OF RESPONSE DATA DURING PHASE 1
l. General

Three alternative procedures were developed during
Phase 1 for the analysis of recorded accelero-
grams, as described in this Appendix. The methods
are, in principle, applicable to high-frequency as
well as low-frequency signals. Hence, the general
notations are used instead of dashed symbols indi-
cating low-frequent signals, although the procedu-
res are primarily applied only to these, since the
high-frequent signals can be processed with simp-
ler procedures, as described in Chapter 4.

The recorded acceleration is composed of two com-
ponents, the true horizontal acceleration X and
the "tilt acceleration x, due to the inclination of
the structure and the at%ached inclinometer as
eXplained in the description of the instruments,
Appendix 1. (1)

0003
002
0,001

't\__ A
o | \\/ \\:Z_ |
TRUE HOR ACC. X=X,
afs § vetoriTy

0,003
0.002
000

X
B § DISPLACEMENT w
0,020
0,010
5 10 15

0 20 TIME s

Figure A2:1

Separation of true horizontal and tilt components
of measured accelerations
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APPENDIX 2:2

The three alternative procedures developed during
Phase 1 are described in Section 2, 3 and 4, re-
spectively. The first method was based on stepwise
integration of the accelerograms, in order to de-
termine the deflection of the structure and there-
by identify the tilt angle. Like other methods
based on integration, the accuracy of the results
depends strongly on the resolution of measured
quantities which limited the practical use of the
method. The second method was developed in order
to avoid this sensitivity of the resolution. How-
ever, when Fourier transformation was introduced,
the particular relationships between acceleration
and deflection of a sinusoidal motion time-history
could be taken advantage of. The separation of the
horizontal and gravity components of the measured
acceleration could be made in the frequency domain
with a very good accuracy.

Therefore, the third method, described in Section
4 of this appendix, was preferred already during
the end of Phase 1 and has been used without ex-
ception during Phase 2.

2. 8Separation of tilt and true acceleration com~-
ponents by integration of recorded accelera-
tions at one level

The "tilt acceleration" is proportional to the
true displacement x.

X, = a " X (2)
Consequently the true horizontal acceleration can
be expressed

X =X

2 i@ = X, + a'x (3)

The true velocity %X and displacement x can thus be
computed by a stepwise integration of

iR +a - X

For the time increment A t = t,,, - t,
the following quantities are known:

3 z . and X.
Xeir XKpim' T i

The true velocity can be expressed:

)QMean ’ i

Xigg = kf+Ak = X+

= % + xaizanm— - At + a - B 2+ Ziet— - At (4)

1
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APPENDIX 2:3

The true displacement can be expressed:

Ax = %, + % .+ At =

1
X
+

A

]
e

.+ XAt + &iﬂiiﬂ— .Atz 4 .)_{.i + xi"'l— 'Atz
| ’ ! (5)

l.e.
_ oxq+kc At + Loit Kojer— . pr2 4 EXKi— . A2
Xjs1 = 4 4
a- Ate
1 4

%,y is obtained from Egq. (4) and

x.., from Eg. (3)

i+

The tilt angle

¢, = 2ﬁ— = 2PJLj§i (7)
! g g

The static ice force

F=32 ¢ (8)
F

where K, is obtained from the static mode of the
“transfer model's" deflection.

According teo Eq. (2):
g =% = - 4 (9)
X x

This factor varies with the level referred to and
with the mode of deflection (static or dynamic).
Therefore the "static" inclination of the struc-
ture must be evaluated after separating the "sta-
tic" response function from the "dynamic".

For the two accelerometer levels at NORSTROMSGRUND
and for static loads the following values can be
used:

- . = 0.784-103q _

_ ., _ 0.784-107%q _
ay = a 0.015 = 0.513

ENZ/1ceprol4/15g



APPENDIX 2:4

The accuracy of these preliminary a-values have
been checked by test loading of the structures.

One implication of the integration procedure de-
scribed above is that the accuracy of the result
is extremely dependent on the accuracy of the ini-
tial boundary condition as well as the recorded
acceleration values introduced during the integra-
tion process. Since errors increase exponentially
with time, the process should only be applied to
limited time intervals, starting from boundary
conditions where the tilt or the horizontal acce-
leration can be assessed with a very good ac-
curacy. Such boundary conditions may be identified
and quantified using the procedure described in
the following section.

3. Determination of the inclination from accele-
ration records at two levels

The tilt component x, of the recorded acceleration
ia can be separated from the true horizontal acce-
leration X by taking advantage of simultaneous
acceleration measurements at the upper and lower
points of measurements and the following rela-
tions:

From Eq. 1:
Xy = X, + X, (10)
X3 = X3 + X (11)

where the indices 1 and 3 refer to the upper and
lower acceleration values, respectively, measured
in the same horizontal direction. (The perpendi-
cular components shall of course be accounted for
in the same manner).

Provided that the lighthouse structure behaves
elastically, the ratio between the upper and lower
horizontal displacements is constant and so is the
corresponding ratios between the true horizontal
acceleration values:

X,/¥; = X,/¥X; = Const. (12)

Furthermore, since the inertia contributions are
negligible for the low-frequency modes of deflec-
tions, the tilt angle is essentially the same for
the upper as for the lower measurement point, both
points being located above the level of ice ac-
tion:

X, = Xz = X

o1 63 ® (13)

ENZ/1ceprol4/15g



APPENDIX 2:5

The tilt component %, = ¢ : g can thus be derived
from the following set of equations:

X, = X + X, (14)
Xy = Xpg + X, (15)
X,/¥X; = X,/%; = Const. (16)

As a result the tilt acceleration can be expres-
sed:

2 1 - 5 S (17)
= . = —— . - 143 R3
X =@ 9 R/ %=1 *1 X, /%1

Finally the static ice force components are ob-
tained using Eq. 8.

The ratios x,/x; and x,/x%, are obtained from the
transfer model. For the NORSTROMSGRUND transfer
model the preliminary numerical value is:

X)/Xy = X,/X, = 2.133

(Since a = Q_;_g and ¢, = ¢; the ratios

;3—— %.— = have the same value as X,/X,; etc.)
1 2

The following expression for the tilt angle at
NORSTROMSGRUND was obtained:

1 . ]
¢ =g (0.883 - ¥y - 1.883 - i) (18)

It is obvious that, if the horizontal acceleration
is large compared with the "tilt acceleration",the
tilt will be derived as a small difference between
large numbers, which may impair the accuracy sig-
nificantly. The tilt angle should therefore pre-
ferably be derived for situations where the true
horizontal acceleration is comparatively small.
This is indicated, for instance, by the appearance
of sequences of linear time functions of the re-
corded acceleration x P partlcularly such sedquences
where the acceleratlon is constant. Under most
circumstances, this indicates that the horizontal
acceleration is close to zero and that the true
deflection velocity is zero or constant, i.e. the
ice force and the spring forces of the structure
are in equilibrium.

This also justifies the assumption that the "sta-
tic" mode of deflection is predominant.

ENZ/1ceprol4/15g



APPENDIX 2:6

4. Determination of the inclination by transfor-
mation of accelerograms into the frequency
domain

A recorded acceleration time-history x (t) can be
represented by Fourier component 51nu501ds. The
amplitude i“ of a component wave representing the
frequency interval fitAf/2 in the recorded accele-
rogram represents the difference between the true
horizontal acceleration component xf and the tilt
component x (See Section 5.2 of the main report):

Hog = Xg = Xyp = Xg = @ X (19)

Since the component waves are sinusoidal, the
relationship between the horizontal dlsplacement X¢
and the corresponding acceleration x4 can be
expressed:

X, = ~%,/0? (20)

Hence

- o= X
Xt = Xg Foag 0

For each component wave of the recorded accelero-
gram the true horizontal acceleration and the tilt
components can thus be separated:

2

- - ) . -
X% = @ + af Xrt (21)
X, = ¢+ g= =% . % (22)
of g w2 + a Rf
o, = L d
f xf

expresses the relationship between the tilt angle
and the horizontal displacement at the instrument
level and is frequency dependent. It can be deter-
mined from the transfer model.

ENZ/Iceprol4/15g
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AN ICE-STRUCTURE INTERACTION MODEL
BASED ON OBSERVATIONS IN THE GULF OF BOTHNIA

Alf Engelbrektson VBB-SWECD
Box 5038
S-102 41 STOCKHOLM
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 optimm risk level. A few
cases of damage gave fairly clear indications as regards particular ice
conditions, requiring adjustments of the design loads.



During 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 infiow 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.



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:

* pAccelerometer 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



* Video camera systems, coordinated with the above systems, for cbservation
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 maximm 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 seguence 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.)

buring 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.



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'

Far Foin) 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-



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 multiplies, 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,



* 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.



* 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.

* Obgservations 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 ard 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 randem 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.

* puring 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
A RELATIVE VELOCITY V-V, bE

+0.10m/s

1 . ~T 77T $eansimion
‘L - DRIFT SPEED v
Vv, Vs
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.




11

ICE FORCE Figure 6. Various phases of ice-structure interac-

tion during a cycle of oscillation:
v/ A-B: The structure moves backwards after the pre-
ceding coordinated ice failure. The strain-
}505 rate is high, the contact reduced and the

=

1
1485 !
A?C?E ice force passes its minimum,
i B-D: The structure slows down and then turns,
the strain-rate decreases and the contact
pressure increases to a peak before the for-
ard velocity i ases and the structure
STRUCTURAL ward velocity increase

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



12

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 1load 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 Fp .., Fgs Fpip OF the corresponding "effective

pressure” parameters Pra

in
x! Po¢ 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 Wt + ) (M

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

which are multiples of the fundamental structural frequency W

For most engineering purposes four sine waves are sufficient for obtaining
a realistic generalization of the loading function, as demonstrated in
Figure 7.



EFFECTIVE ICE PRESSURE
129p,

) /\n/\/\m/\nmn/\ #\I\J\n/\n A

TP

065
p% OBSERVED LOAD TIME-HISTORY 5.12s

o s
O_MU\/U\/\/UU\/UU\/U

GENERALIZED LOAD TIME-HISTORY 5.12s

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/prnax = 0.78,

p.l/pmax = 0.110, pz/phax = 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=kgs Ky ko £y (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) = k0 + Lk, - cos{nwyt + Gn) (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.

* In 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 forces during a sequence of periodic interaction,

it is important to note that the basic features of the function can be
explained in terms of ice mechanics. Key elements are the interactive
cycling of the interface pressure, the variation of the constitutive pro-
perties 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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TIME HISTORY FOR NODE

OUTPUT RESULTS ARE MEASURED IN GLOBAL COORDINATE SYSTEM

TIME

5.500
5.510
5.520
5.530
5.540
5.550
5.560
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5.580
5.590
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5.610
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5.650
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5.720
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5.750
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5§.780
5.790
5.800
5.810
5.820
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DYNAMIC ANALYSIS

X=-DIR ACCEL.

2.97521E-01
4.75112E-01
5.55585E-01
5.22816E-01
3.B3537E~01
1.66057E-01
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TIME HISTORY FOR NODE 14 DYNAMIC ANALYSIS

CQUTPUT RESULTS ARE MEASURED IN GLOBAL COORDINATE SYSTEM ﬁ L/ q
TIME X-DIR RCCEL.
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TIME X-DIR ACCEL.
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5.510 =1.19736E+00
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5.540 =1.05726E+00
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5.560 1.29023e-01
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5.580 1.21413E+00
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5.810 =1.34471E+00

5.820 ~9.55374E-01
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OUTPUT RESULTS ARE MERSURED IN GLOBAL COORDINATE SYSTEM

TIME X-DIR ACCEL.
5.830 =3.73444E~01
5.840 2.84380E-01
5.850 B8.86040E-01
5.860 1.31063E+00
5.870 1.47269E+00
5.880 1.33939E+00
5,890 9.371556E-01
5.900 3.46407E-01
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TIME HISTORY FOR NODE DYNRMIC ANALYSIS

OUTPUT RESULTS ARE MEASURED IN GLOBAL COOQRDINATE SYSTEM

TIME X~DIR RCCEL.
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5.780 -1.09430E+00
§.790 =1.63783E+00Q
5.800 =1.85246E+00
$.,810 -1.69543E+00

=1.197S0E+00
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APPENDIX 5:1

March 25, 1991

R4816-000

R4819-000

Project ICE FORCES AGAINST
OFFSHORE STRUCTURES,

PHASE 2

Preliminary work plan

Task A:

A3l

A33
A34

A35

Task B:

B2.1

2.1.1

212

2.13

2.14

2.1.5

GLOBAL ICE FORCE STUDY

Inspection and repair of existing accelerometer, inclinometer
and video systems onboard Norstromsgrund Lighthouse
(NASAN).

Installation of equipment from Farstugrund onboard Nor-
stromsgrund (for supplementary measurements and re-
dundancy). (NASAN)

Periodic checking of the operation. (NASAN)

Instrumental data aquisition during the winter 91-92.

Data analysis and reporting. (VBB)

ICE FORCE DISTRIBUTION STUDY

Reinstallation of Ice Force Sensing Panels.

Inspection of Norstrdmsgrund lighthouse. Investigation of the
conditions of panels, dummy panels, attachements, instrumen-
tation etc. (NASAN)

Fabrication of equipment for replacement of damaged parts.
(HSVA)

Reinstallation of the panels, electrical cable system etc.
(NASAN, HSVA)

Testing of the operation of the entire panel system (HSVA,
NASAN)

Supplementary installation work, if necessary. (HSVA,
NASAN)

ENZ/Tceproj14/18k
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2.1.6 Retesting of the panel system periodically. (NASAN)

B22 Ice force measurements during the winter 91-92 incl. samp-
ling of ice strength data etc. (HSVA).

B2.3 Data analysis and reporting. (HSVA)

Task C. GENERAL PROJECT WORK

C21 Project coordination, general activities (meetings, general
arrangements for transportation etc.) (VBB)

C22 Maintenance and operation of the diesel power supply system
{NASAN).

C23 Summary report including coordination of analysis results.
(VBB)

ENZ/Iceprojl4/18k



APPENDIX 5:3

April 27, 1992 Appendix to letier
R4816, R4819 April 27, 1992

Project ICE FORCES AGAINST OFFSHORE STRUCTURES

- PHASE 2

WORK PLAN

(1) Preparatory work

(1.1) Dismounting of accelerometers, computers, cameras and
other sensitive equipment
(Spring -92).

(1.2) Inspection and testing of the ice force sensing panels.
(Late summer -92)

(1.3) Reinstallation of measurement and observation systems
(after service and repair) and overhaul and refueling of the
diesel generators and heating system.

(Late fall -92)
(14) Starting up expedition including checking of the operation of

involved systems.
(Dec. 92 to early Jan. -93.)

Field activities, viz manning of the lighthouse for surveil-
lance of the measurements and for sampling of ice data
(during one or more periods of ice drift in January to early
April -93)

Data analysis, reporting and coordination work
(Mid -93)

ENZ/Tceprojl4/18k
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Unprogrammed repair work

Most likely the need of repair and replacement of equipment
will be moderate and the expenses will not exceed the bud-
get. However, in the worst case malfunctions of the ice force
sensing panels may call for unprogrammed work which could
range from repair on site to removal, workshop repair and
reinstallation of one or more panels.

(Late fall -92)

ENZ fleeproj14/18k
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APPENDIX 6

ICE FORCE STUDIES
IN THE BOTHNIAN BAY
Phase 2

EXTRACT from

A SUMMARY OF ICE SEASON AND ICE BREAKING
ACTIVITIES 1992/93

published by

the Swedish Meteorological and Hydrological Institate
pp. 3545
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Vintersjofartsforskning

Vintersjofartsforskning bedrivs i samarbete meilan Sverige och Finland.
Styrelsen for Vintersjofarts-forskning som dr sammansau av represen-
tanter frin Sjofartsverket i Sverige och Sjdfantsstyrelsen i Finland, for-
delar i samarbete medel till forskningsprojekt.

For svenskt vidkommande har medel bl a gatt i1l SMHI som bedrivit
vintersiéfartsforskning koncenurerad (il ismodellering och fjirranalys.

Inom projektet ismodellering har en modell fér samkorning av isdrifts-
och havsmiljodata utvecklats. Med hjilp av denna modell, och med
underiag i form av aktuella viiderprognoser, avses formodad isdrift med
vallbildning respektive Oppna rdkar som foljd kunna presenteras.
Modetlkoden har utvecklats av Finska Havsforskningsinstiet. Pi
SMHI har modellen utvidgars till att gilla hela Ostersjon och dessutom
har den kopplats till en vidermodell som tidigare utvecklats vid SMHL
Modellen har under 1992 testats och verifierats samet under 1993 korts i
operativt bruk.

Inom fidrranalysen har verksamheten varit helt koncentrerad till mot-
tagning, bearbetning, tolkning och distribution av radarsatellitbildsdata.
Eu system for distribution av bilder till isbrytariedningen och isbryrarmna
i niira real tid har byggis upp. Ett demonstrationsprojekt for operativ
anviindning av radarsatellitilder pd en isbrytare (Atle) genomfrdes
under 1993.

Ombord pA isbrytarna presenteras de digitalt dverforda radarbilderna.
Gvriga satellitbilder och ploit-information i applikationen ICEPLOTT.
Detta program har det gingna verksamhetsiret forseus med et tillligg
for att kunna framstilla ntade 1skartor f6r presentation pi isbrytarled-
ningen och isbrytama.

Utdver ovanstdende pAgir arbete med att utviirdera nyttan av isbrytaren
Oden:s vattensmarjsystem. Projektet som ej har slutforts p g a de senas-
te mildra vintrama, genomiors av Bureau Oden icebreaker design AB.

Under 1993 har yuterliggare tvd projeke inleus. Et arbete syftar till att
beskriva vilka parametrar som piverkar ett fartygs framkomlighet i is.
Chalmers Tekniska Hdgskola har erhillic medel for att inleda en f3rstu-
die i dmnet, | en forlingning efterstriivas dock ett samarbete mellan
hgskoloma i Helsingfors och Goteborg.

Det andra projektet avser en studie av framkomligheten i arktisk is.
Denna studie planeras au vara eu samarbetsprojekt mellan Styrelsen for
Vintersjéfars-forskning samt US Coast Guard och Canadian Coast
Guard.

MAXIMALA ISUTBREDNINGEN 1985/86-1952/93

Isvintrarna indelas i “lindriga”, “normala™ och "stringa”. Den
grundliggande faktorn vid bedémning av en isvinters totala svirig-
hetsgrad &r havsisens utbredning. Aven andra farhiltanden som in-
verkat pi sjofarten tas dock ocksé i beaktande. Dit hr isperiodens
lingd, istackets framkomlighet under inverkan av vind- och strém-
forhallanden m m. Inom begrinsade omriden kan svarighetsgraden
avvika frin den totala svirighetsgraden. Under en isvinter som be-
tecknas som lindrig kan t.ex. isarna i Bottenviken uppvisa en utbred-
ning och framkomlighet som kdnnetecknar en normal isvinter.

Winter navigation research

Winter navigauon rtesearch is carried on in co-operation between
Sweden and Finland. Funds for research projects are allocated by the
Winter Navigation Research Board, which is made up of representati-
ves of the National Swedish Administration of Shipping and Navigation
(SjoV) and its Finnish counterpart the Finnish Board of Shipping and
Navigation.

On the Swedish side, research funds went to, among others, the
Swedish Meteorological and Hydrological Institute (SMHI) to conduct
winter navigation research focusing on ice-modeling and remote apaly-
sis techniques.

Within the ice-modeling project, a model of joint running of ice-drift
and marine environment data was developed. Using the model and
based on current weather forecasts, presumed ice-drift parterns resuliing
in either ndging or open leads can be presented. The model code has
been developed by the Finnish Marine Research Institute. At the SMHI.
the model was extended to cover the whole of the Baltic and was also
linked up with a weather model previously developed by the SMHIL
The model was tesied and verified in 1992, and during 1993 was run in
operative use.

Remote analysis work was completely focused on the reception. proces-
sing, interpretation and distribution of radar satellite image data. A near
real-time system for distributing images to the ice-breakers and the Ice-
Breaking Service was built up. A demonstration project for the operati-
ve use of radar satellite images on board an ice-breaker {the Atle) was
implemented during 1993,

On board the ice-breakers. the digitally transferred radar imagages.
other satellite images and plotted information were presented in the
ICEPLOTT application. During the year under review, this program
was provided with a supplemental part to enable it to draw ice-charts
for presentation to the Ice-Breaking Service and on board the ice-brea-
kers.

In addition to the above activities, work is going on to evaluate the use-
fulness of the water lubrication system installed on the ice-breaker
"Qden". This project is run by the company Bureau Oden Ice-Breaker
Design AB, but it has not been possible 1o finalize it due to the muid
winters in recent years.

Two further projects were initiated dunng 1993, one of which aims to
descnbe what parameters have an influence on a vessel's navigability in
ice. The Chalmers Institute of Technology has been granted funds w
launch a pitot study on the subject. In an extension, the aim is to esta-
blish a co-operation between the institutes of technology in Helsinki
and Gothenburg.

MAXIMUM ICEEXTENT 1985/86 - 1992/93

The ice winters are classified as easy, normal and sirong, The ice extent
is the marn factor when judging the degree of difficulty. Other condi-
tions which have influenced the navigation are also taken into account,
i.e. the length of the ice period, the navigability due to winds and cur-
rents. Local variations may of course occur. During an ice winter clas-
sified as easy ice conditions in the bay of Bothnia may have been
normal.
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Kommentar till figur éver vintrarnas svirighetsgrad.

Temperatrfunkiionen tar indirekt hiansyn 1ill havets lagrade viirme-
miingd. Den kan 1 viss min jimforas med en kildsumma. Den 4r dock
mermer efterslipande och utjimnande for exiwrema luiiemperaurer
under ko tid. Vinden har endast en indirekt piverkan pd funkuonen
zenom art dygnsmedeltemperaturen wigdr ingingsdata fér funktionen.
Mertoden visar myckel god Gverensstimmelse med totala tsutbredning-
en. men ocksd ett miu pd isijockleken. Genom att vinden e &r repre-
senterad direkl, ger den inte et méu pd isens svarighetsgrad eller fram-
komlighet.

Staplarna kring axeln motsvarar normala jsvintrar. medan staplama
ovanpl zxeln motsvarar lindriga eller mycket lindriga och de undre
stringa eller mycket stringa isvintrar.

Rédrasterade staplar visar milda vintrar., ofyllda normala och bl svira.
Som svns. av fig. ir samtliga virden pa temperaturfunktion under 0 gra-
der i Bouenviken. vilket 4r ett matt pA att Botienviken varje r ticks
med is. &ven en mild vinter, Ddremot ligger nommalvirdet ph stdra
Ostersjon och pi Vistkusten kring 0 grader eller ro.m. ver. Dei 4r
m.2.0. mer normal med isfrivt 4n med is.

Notes on the figure Degree of difficulty of winters,
see next page.

The temperature function is indirectly inflieenced by the heat stored in
the sea In some respect it can be compared with a sum of coid. Howe-
ver. i has a greater lag and a higher compensating effect ar shorit spefls
of extreme arr temperattires.

Wind has only an indirect influence on the temperamire function. be-
cause the dailv mean temperature is used as inpur dat for the funciion.
The method grves a very good corelation with total ice extension. and
also provides a measure of ice thickness. Due to the fact thar wind is
not directly, represented, however, it does not provide a measure of the
degree of difficulty of ice-conditions, nor a measure of ice navigabifiry.

Columns close to the axis represent normal winter ice-conditions. long-
er columns rising above the axis easy or very easy ice-conditions, and
columns extending below the axis severe or very severe winir ice-condi-
tions.

Red coltimns represent mild winters. unfilled columns are normal, and
blue columns severe winiers, As can be seen from the figure. ail of the
temperaute finction values given for the Bay of Bothnia are below zero.
which means thai the Bay of Bothnia was ive-covered every year. even
during mild winrers. For both the southern part of the Baltic and the
West Coast. however, the normal value lies round about zero and even
siighily above. in other words ice-free waiers are more normal here
than ice-covered.



Sy

0861-1L61 0261-1961 0961-1¢61 0S61-1¥61



	Ice Force Studies in the Bothnian Bay Phase 2 1989-94
	Ice force Studies in the Bothnian Bay R4816 contents
	Ice force Studies in the Bothnian Bay R4816 1, Introduction
	Ice force Studies in the Bothnian Bay R4816 2, Study objectives
	Ice force Studies in the Bothnian Bay R4816 3. Previous studies
	Ice force Studies in the Bothnian Bay R4816 4. Methodology
	Ice force Studies in the Bothnian Bay R4816 5. Ice force sensing panels
	Ice force Studies in the Bothnian Bay R4816 6. Modified procedure for transformation of tructural response signals to ice force time-histories
	Ice force Studies in the Bothnian Bay R4816 7. Global response data
	Ice force Studies in the Bothnian Bay R4816 8. Local ice force data
	Ice force Studies in the Bothnian Bay R4816 9. An improved model for characterization of ice forces on offshore structures
	Ice force Studies in the Bothnian Bay R4816 Appendix 1, Ice force studies in the Bothnian Bay, phase 2
	Ice force Studies in the Bothnian Bay R4816 Appendix 2. Ice force studies in the Botnian Bay, phase 2
	Ice force Studies in the Bothnian Bay R4816 Appendix 3. An ice-structure interaction model based on observations in the Gulf of Bothnia
	Ice force Studies in the Bothnian Bay R4816 Appendix 4. Ice force studies in the Bothnian Bay, phase 2.2
	Ice force Studies in the Bothnian Bay R4816 Appendix 5. Ice force studies in the Bothnian Bay, phase 2
	Ice force Studies in the Bothnian Bay R4816 Appendix 6. Ice force studies i the Bothnian Bay, phase 2



