











Drift Speed Distribution of Icebergs on the Grand
Bar s and I-9uence on Design Loads

by

© Paul D. Stuckey, B.Eng.

A Thesis Submitted to the School of Graduate Studies

in Partial Fulfillme  of the Requirements for the Degr of

Master of Engincern

Faculty of E 'n ‘ing and Applied Science

Memorial University of Newfoundland

May, ~708

St. John's Newfoundland Canada



Abstract

With increasing oil and gas exploration on the Grand Banks wring the 1970's
and 1980’s, there was a need to better understand the risk of icebergs impacting an
offshore structure, and the consequences should such an event occur. As a result of
industry demand, a probabilistic iceberg design load methodology was developed to
estimate the risk of impacts and the resultant impact forces.

Since the original framework v ; developed, there have been numerous improve-
ments and enhancements. Distributions and relationships used to de ne input paramn-
cters have been refined due to the availability of new data. Several models have been
improved as ares ¢ of ongoing research. The author has been extensively involved in
many of the updates and improvements to the methodology, including improvements
in the eccentricity model, the are enctration model, and most receutly, the drift
speed model.

The iceberg drift speed model, a key component, was developed by balancing the
environmental forces acting on the iceberg. The model was deterministic; there was
only one iceberg drift speed for a given icebe i a specific significant wave heiglt.
The model agreed with the overall drift speed distribution based on availi le data.
However, with the availability of new data, it was shown the model did not fully
capture the randomness observed in the data.

A new probal istic drift speed model was developed to replace the deterministic
model. It is based on the statistical analysis of available drift speed data. This model
addresses the randomness in the data by incorporating probability distributions. The
input parameters for the distributions are defined in terins of the iceberg waterline
length and the significant wave height.
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Chapter 1

Introduction

1.1 Overview

Icebergs pose a significant risk to oil and gas exploration, developnient and production
facilitics operating on the Grand Banks, off Canada’s east coast. Without adequate
resistance, an iceberg collision with a fixed gravity based structure (GBS) may cause
severe structural damage, resulting in an environmentally disastrous oil spill, or even
loss of life. A floating production, storage and « Hading (FPSO) vessel, which can
disconneet and avoid an approaching iceberg, may lose millions of dollars in revenue
due to downtimne associated th ¢ onnecti and eventually reconnecting, the
turret /riser system. Icebergs also pose a threat to vessels operating in, or transiting
through the Grand Banks region. The Titanic sank after colliding with an iceberg,
resulting in the loss of over 1500 passengers and crew. In more recent years, the
bow of the bulk carrier Canadian Bulker was damaged seriously after coll ing with
an iceberg; the vessel made it safely to port. These are just two examples of ship-
icecbe  collisions. Brian Hill has compiled a database entitled “Ship .ceberg Collision

Database” (Hill 2005) which contains information on ship-ice collisions which have



occurred during the last couple centuries. The database is focused primarily on the
Grand Banks and North Atlantic but also includes regions, and includes over 600
incidents.

Exploration and development on the Grand Banks will continue in an effort to keep
up with the ever-increasing ene r demands of the world. Discoveries of hydrocarbons
on the Grand Banks indicate that tl  region could be one of the top oil producing
regions i1 Canada. To address risk of icebergs to offshore structures, au iceberg design
load mecthodologv was developed. ..ie initial framework was laid y Fug m et al.
(1996a), Fuglem et al.(1996b) and Fuglem (1997).

During the past decade, the methodology has been expanded and improved mainly
due to industry demand. ..uae author has been primarily involved in many of the

improvements and additions to the methodology, including
e improvemelts to the icebe  drift and collision speed models;
e iniprovements to the iceberg eccentricity model;

the addition of a contact height model; and

the improvement of the area-penetration model.

The iceberg s, load hodolc »  probabilistic, accounts for the range of
iceberg shapes, sizes and  rengths, and environmental conditions. The approach
is applicable to both fixed gravity based structures or jackups, as well as floating
structures such as a semi-submersibles or FPSOs. The methodology incorporates the
cffectiveness of iceberg detection, physical man: -ment, and disconne on (where

applicable) to help mit™ ite the risk of impact with an iceberg. This is consistent with

the provisions provided in the ¢ 1adian Standards Association CAN/CSA-S.471-04,



General Reqguireinents, Design Criteria, the Environment, and Loads, part of the

Code for the Design, Construction, and Installation of Fized Offshore Structures.

1.2 Methodol-gy . 1 Scope

This thesis describes the many components, and input parameters and relationships
of the iceberg design load methodolc  « Typical results from the application of the
methodology to a generic sl ped GBS and FPSO located on the Grand Banks are
presented. A detailed literature review describes some of the different approaches
used in the past to model iceberg drift speed.

The theory of dimensional analysis is applied to the drift speed of icebergs on
the Grand Banks. Several dimensional analysis methods are introduced briefly. The
matrix method is explained in detail and is applied to the drift speed probleni. Results
are then compared with the approach adopted in the deterministic mods

The deterministic iceberg drift speed model is reviewed in detail. Individual con-
pouents of the model are discussed, and output data from the model are compared
with observed data collected on the Grand Banks.

A new probabilistic i derg drift speed model is presented. Ou™ it ta from
the probabilistic model are compared with obsery  data. N
performed using the iceberg design load methodology, and both the  erministic and
probabilistic drift speed models.

The methodology and scope of this thesis can be summarized 1 the following

steps.
1. Literature review of past aud present iceberg drift speed modeling.

2. Dimensional analysis of the tceberg drift speed phenomenon.




3. Detailed review of the deterministic iccberg drift speed model currently used in

the iceberg design load methodology.

4. Statistical analysis of all availal :iceberg drift speed data for the Grand Banks

region and a comparis  with output from the deterministic model.

5. Development of a new probabilistic drift speed model, and sensitivity of iceberg

design loads to the different drift speed models.

1.3 Sign: icance of Study

The research and new probabilistic iceberg drift speed model presented in this thesis
have considerable value. The r :arch helps to provide a better understanding of the
iceberg drift speed phenomenon. The development of a probabilistic iceberg drift
speed model immproves des” 1 load estimates for offshore structures. With lower, but
vet safe, iccberg design lc 1 estimates, economically marginal fields may become

feasible due to more cfficient designs.



Chapter 2

Review of 1c _ber~ Design Load

Methodology

2.1 Introduction

A probabilistic methodology 1 been developed for determining iceberg impact loads
on offshiore structures (Fuglem ct al. 1996a. Fuglem et al. 1996b and Fuglem 1997).
The overall framework of the approach is illustrated in Figure 2.1. A probabilistic
algorithm is adopted which incorporates a Monte Carlo approach to simulate a dis-
tribution of globhal impact for: The methodolc 7 takes into account the size of
the iceberg as well as the speed at which it is moving. The sca state conditions and
associated hydrodynamic effects are also included in the model. The impact force
calculation is based on a  netic energy approach in which energy is dissipated due
to ice crushing and iceberg rotation caused by eccentric impacts. Pressurc-arca re-
lationships arc developed to ¢  ermine global loads. Local pressures are calculated
accounting for the st of the loac la 1, duration 1d f jquency of the impacts.

The design load methodology can be divided into four distinct modules, including:




Iceberg Metocean Structural Operating
Population €| Characteristics Configuration Procedures

! vy

1 Detection
[ceberg Drift
Speed Model —> and
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[
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Figure 2.1: Illustration of iceberg design load methodology



e data input;

e encounter frequency;

e iceberg impact; and

probabilistic design load calculations.

Within the data input module, the iceberg population and metoccan characteristics
of the region are described. The structural configuration of the GBS or FPSO is
defined using a coordinate point system. Operational aspects are defined, including
options such as the ability of an FPSO to disconnect and move out of the path of
oncoming icebergs. . ue environniental inputs are then passed into the ic  erg drift
speed model which calculates the drift speed as a function of the iceberg size and the
significant wave height. The encounter frequency module calculates the | Hbability
of an iceberg impacting the structure given the structural configuration, operating
procedures and generic input distributions for iceberg length and significant wave
height. If applicable, iceberg detection and management models are incorporated
to help mitigate the risk of an icebe impact. The iceberg impact module consists
of the simulation of data, the calculation of the collision speed, including hydrody-
namic effects, and the ice mech:  c¢s model. The ice mechanics model accounts for
the decreasc in both global 1d local ice pressures with increasing contact arca, the
rate of growth of contact arca with penetration, and the iceberg rotational/inertial
cffects. The probabilistic des  load module calculates the annual design loads for
probabilitics of exceedence of 1072, 1073 and 1077,

In nature, the relationship between ice pressure and contact area is complex. Dur-
ing an iccberg-structure interaction ¢ it the icebe  undergoes a  array of changes,

including spalling of large ice pieces, microcracking, damage processes and extrusion.



The following randomn relationships arc used to attempt to capture the complex pro-
cess of global ice failure. The global pressure P is defined as a function of the nominal

interaction arca, and is given as,

P (a) = CpaPr, (2.1)

where Cp and Dp are coefficients determined from the analysis of full-scale ship ram

data and a is the global contact arr = Similarly, the impact force F' can be written as

F (A) = Cpa?r*!. (2.2)

A detailed description of the relationship and determination of the the coefficients
Cp and Dp are given in (Carter ct al. 1996).

Growth of global contact arca depends on the rate of the iceberg penet  .ion onto
the structure as well and the physical shape of the iceberg. Detailed underwater
profiles of icebergs are difficult and expensive to obtain. An analysis of the few
existing iceberg profiles resulted in the following relationship between global contact.

arca and penetration

A(8)  CadP, (2.3)

wliere 4 is the penetration distance in meters and C,4 and D, are the coefficients
resulting from the analysis (Fuglem et al. 1998). Combining cquations (2.2) and

(2.3) results in the following force-penetration relationship

L 8) = CpClr §PAPrED), (2.4)



Defining
k=CpCl* and vy = D,y (Dp + 1), (2.5)

one can rewrite Equation 2.4 as a nonlinear spring function
F (&) = ko7, (2.6)

The following sections provide details on the four mnodules  data input, encounter
frequency, iceberg impact and probabilistic design loads and the relationship with
the basic force equations defin - above. Typical results for a generic GBS and FPSO

operating on the Grand Banks are also summarized.

2.2 Data Input Model

In this module, the generic iceberg population and the metocean characteristics are
determined for the specified location. It is important to note that distributions of
iceberg size and drift speed for impacting icebergs are different than the measured
distributions. For example, if a snapshot of a region is taken and the iceberg waterline
length and drift speed distributions are determined, the resulting distributions would
be termed gener Gen : distril tions refer to all the icebergs in the region,
including those that may or may not impact the structure. The distributions relating
to icebergs that impact a structurc e different from the generic ones, and are termed
updated. The difference c-ises frc  the fact that, based on a geometric encounter
model, larger an  faster moving icebergs are more 1 :ly to impact, and the resulting
distributions have to be calculated by modifying the generic ones.  Details of this

procedure, termed Bayesian updating, e given in Section 2.3.-1.







arc best represented usit  an exponential distribution with a mean of 2.7 m, and is

expressed as

ful) = ;( eXp <—_l ) , (2.8)

2.

where [ < 15 .

The overall population is the summation of the two individual pc ulations,
weighted to achieve the correct proportion of each group. Based on the work of
Fuglem et al. (1995), the proportion of icebergs less than 15 m, and the proportion
greater than 15 m, has been estimated to be approximatcly equal to 1. The 1ain con-
clusion was that for each ‘parent’ iceberg, there exists one ‘offspring’ icebe |, namely
a bergy bit or growler.

The resulting overall population of icebergs is calculated by combining and renor-

malizing the two individual distributions, and is given as

T1 z 1 ! (
fu(l) =0.24 [@ <p (—@)] +0.76 [ﬁ exp (—ﬁ>J . (2.9)

where 5 m ~ 1 < 400 m. F re 2.2 shows the two individual waterline length
distributions, plus the combined distribution.
Using the measured icebe size data, several other iceberg dimensions can be

estitnated in terms of the v e " 1 length.

Iceberg Length-to-Draft

Water depth will influence the s of icebergs ca; Hle of entering a region. Icebergs
having drafts greater than the water depth will gencrally scour and come to rest.
While these icebergs will melt, calve, or overturn, they are unlikely to contact the
structurc until e draft is less than the water depth and they are free to move

again. Using recorded iceberg dimensions (C-CORE 2001), a best-fit length-to-draft
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Specific operating procedures, such as the time required to disconnect and move
offsite are also defined. These inputs are generally reserved for I SOs and semi-

submersibles which have the ability to disconnect.

2.2.4 Iceberg Drift Speed

Modelling iceberg drift speed is a complex process. Icebergs travel in different di-
rections with different speeds depending on the wave and current regimes, the wind
speed and direction, and the iceberg shape and size. Many theories and models have
been developed in an attempt to model the drift speed process. The majority capture
the fundamental trends of the icebe  motions, however, none capture fully the drift
speed process.

A deterministic iceberg drift speed model was developed by Fuglemm (1997) to
model iceberg drift speed as a function of only the iceberg waterline leng  and the
significant wave height. The model is based on a balance of environmental forces
acting on the iceberg. The @ ualtant iceberg drift speed is the magnitude of the
vector sunimatic  of all the environmental forces acting on the iceberg. The model
compares well with the limited data set that was available at the time. However
with a significant increase in the number of data collected in recent years, it has
become apparent that the deterministic model do  not capture tI  randommuess in
the data. Scnsitivity analyses have shown that the iceberg drift speed is an important
parameter in the design load methodology. The drift speed is used in the iceberg
impact frequency calculation, the kinetic energy calculation, and is a fu lamental
component of the detection and managenient models. It is important that the process
1s captured as accurately ¢ po ble.

A detailed description of the deterministic model is given in Chapter 4. The results
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winds and currents which may be at some angle relative to an approaching iceberg.

Consider a vessel of width w, and having a velocity v, and an iceberg with an
cffective collision width w; and drift speed vp, moving at an angle 6z relative to
the heading of the vessel (see Figure 2.8). The relative velocity and direction of the
iceberg are denoted vg and ¢ respectively. The probability that an iceberg will hit a
particular section of the ship in time At is equal to the probability that the iceberg
is within a distance vpAt in front of the location.

The area from which an iceberg will collide with the side of the vessel is given by
A (v, @) = lsopsin At = lyop sin g At, (2.15)

where i is the length of the vessel. Assuming that icebergs come from all dircctions
and that their size and velocity distributions are independent, the expected number

of collisions in a time period T, is
1 _
ne = —pplsviT. (2.16)
T

A similar equation for bow impacts with a slowly moving vessel requires the exact
bow shape. However, v’ 1tl vessel is moving faster than the icebergs, ¢« proaches
180°, and the effective  1th of the vessel can be taken as w,. The area from which

an iceberg will collide with the bow is given by
A (w,  wy)(vy + vpcosbr) At. (2.17)

Again, since ebe:  are assumed to approach from all directions, the expected
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are detected, but can not be managed and the structure can not disconnect in time
to avoid an impact.

Approaching Iceberg

Can
Detect

Can Not
Detect

Can Not
Manage

Impact Can
Manage

No Impact : Can

1 Can N1
1 Disconnect

Disconnect

Figure 2.9: Iceberg detection and management decision tree (fromm McKenna et al.
2003)

Iceberg Detect n

Icebergs on the Gr 1 et . cally detected and monitored - me: s of acrial
surveillance, sup; v ¢ n 11 radar located high on the platformms, HF radar
and satellite-based radar. However, for the present study, the structure under con-
sideration is providii  the only means of iceberg detection; that is, the marine radar,
one of the better sources of information at close ra  : and during I 1er sea states.

The detection model is primarily a function of the iceberg size, the significant
wave height and the range from the structure. The probability of detection, given
a specific iceberg waterline ler and significant wave height, is based on a model

of marine radar performance developed by Johnson and Ryan (1991). Figure 2.10
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Tow success is based on icebe  towing operations involving a single tow line only.
Otlier towing methods involvit  the towing net or tow lines, or other methods such

as water-cannon and prop-wash, are not considered.
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Figure 2.11: Schematic illustration of a typical tow success matrix

Figure 2.11 illustrates a t 1l tow success matrix for ¢ ificant wave heights
ranging from 0.25 m to 14 m and v erline lengths from 7.5 1n to 400 m. The contour
lines represent the probabili & of a successful tow operation for the “ven ice erg size
and significant wave height. Icebe  towing operations are practically limited by the
significant wave height. It has been assumed for this work that wave heights greater
than 6 1 may create haz dous operating conditions on the stern of the supply
vessels, and is used as a cutoff for modelling ice management perforniance. This
cutoff depends on the towing vessels d. Newer and larger vessels hiave iimproved
sca keeping performance in higher :a states, which may lead to an increase in this

limit.
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FPSO Disconnection

Should efforts to manage an encroaching iceberg fail, an FPSO may disconnect from
its riser system. The Terra Nova and Whiterose FPSOs, presently operating on the
Grand Banks, were designed for eir  zency disconnection. A controlled disconnec-
tion process, including production shutdown, will take approximately 4 to 8 hours.

Emergency disconnection may be achieved in approximately 15 minutes.

jquel

= significant wave height

H¢* = limiting H beyond which

disconnect will not be successful

T ;;, = time required for

2-D  sconnect probability  trix emergency disconnect

T = time available for
disconnect option

Pur= Prob‘ability of a
successful disconnect

Figure 2.12: FPSO discomt tion strategy (from McKenna et al. 2003)

The disconne  strategy is illustrated in Figure 2.12. Factors considered in the

disconnect model = lude:

e the critical significant wa-  height Hg", above which disconnection may not be

achicved;
e the emergency disconnect time Ty;e; and

e reduced disconnection sucer - (i.e. disconnection success less than 100 percent.)

resulting from other operational control features such as me anical failure,
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power failure, cte, such that Py,® is the maximum probability of successful

disconnect operation.

These variables may be considered specific to cach FPSO being analyzed. or cach
specific location. When FPSO disconnection is considered in the design loa  method-

ology, a 98% success rate is typically used.

2.3.4 Updating of vistributions

The iceberg encounter model determines the probability of encounter for the generic
iceberg population and the enviro ital conditions for all combinations of L and
Hg. The detection and mana;  nent model uses the same {L, Hg} combinations to
determine which icebergs will not be detected and those that will be detected but
not managed. The matrices are then combined to give the resulting probability of
collision for all {L, Hg} combinations, for the specified detection and ma  gement
assumnptions.

Following the assumptions made in the iceberg encounter model, the updated
population of icebergs impacting a structure will be larger and moving faster than
the generic iceberg population. Larger icebergs sy »p out more arca in a given time
period due to the increased ith. The faster icebergs sweep out me  arca during
the time period. Similarly, since ice management is a function of it Herg size, the
distribution of icebergs that collide will also differ from the generie distribution.

To account for the variation in the impacting or colliding distributions, Bayes’
Theorem is adopted which relates the conditional d marginal probability distribu-

tions of random v iables. Bayes’ T1 Hrem is written as

P (B]A;) P(A)

< (AB) =5
Z]:lP(B|AJ’)fJ\Aj}
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where P (A;|B) denotes the probability of event A; conditional oneve & B. In the case
of updating iceberg size distribution, A; represents a certain combination of iceberg
size and sea state, whercas B represents collision between the iceberg and structure.
Thus, P (A;|B) represents the joint probability distribution of the iceberg size and sea
state given collision, P (B|A;) represents the encounter rate for a given iceberg and
sca state, P(A;) i the generic joint probability distribution of iccberg size and sea
state. The denominator in Equation 2.20 serves as a normalizing constant to ensure
the overall probability equals one.

Bayes’ Theorem is used to ; crate the size distribution of impacting icebergs
by updating the generic iceberg length distribution. The iceberg length distribution
updated simultaneously with the distribution of the significant wave heights, Hg. By
assuming that L 1d Hg are indepenc it of cach other, the generic joint | bability

distribution of L and Hg, pr u.(l, hs), can be written as

PL.Hs (l, h.g) = fL (/) X f}]s (]I,S) y (221)

where fr, (1) is the generic icel g length distribution described in Section 2.2.1 and
firs (hs) is the significant wave I * "1t distribution described in Section 2.2.2. The
updated joint probability distribution of L and Hg (including the cffects of icebe

detection/management) is written as follows

plL,Hs (l, hs) = PL.Hg (l, hs) X (’lUS + L) X Pup (L, Hb) X (1 — PpAr (L, H},)) R (222)

where p,, (L, Hs) denotes * t the iceberg drift speed is a function of
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L and Hg ar  ppp (L, Hg) is the probability of successful iceberg detec-
tion/inanagenmer  /disconuection (if applicable). The updated iceberg length distri-

bution is obtained fron:

FL () = [ (1hs) dHs. (2.23)

2.4 Iceberg Impact Module

The iceberg impact module consists of three components; data simulation, iceberg
liydrodynamiics, and ice mechanics. Input variables, such as iceberg waterline length,
draft, mass, and drift speed are simulated from the distributions and relationships
described in the previous sections. The iceberg impact speed is calculated using
components of iceberg drift and + 7 induced orbital motions. Fir ly, the impact
force is calculate accounting for the relationships between pressure and arca, arca

and penetration, and iceberg rotational effects.

2.4.1 Data Simulation

Using a Monte Carlo simulation approach, a large number of iceberg waterline length
and significant wave height data arc simulated. Using the waterline length, other
iceberg characteristics are estimated, such as the iceberg draft and mass. T iceberg
drift speed is calculated using both the waterline length and significant wave height

distributions as inputs.
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2.4.2 Hydrodynamics Model

The hydrodynamics model consists of the iceberg collision speed and added mass
calculations. For the present study, © 2 added mass of the iceberg is assuined to be

50% of the iceberg mass.

Iceberg Collision Speed Model

In a similar manner as described in Section 2.3.4, the iceberg drift speed is updated
to give the collision speed. Two assumptions are inherent in the collision speed
model. First, only the surge component of the wave-induced motion was included
in the iceberg cc ision velocity. For a cylindrical GBS piercing the water surface,
ignoring iceberg heave and pitch has »H impact on the design load, as these motions
are tangential to the structure surface and do not result in additional contact force
under the zero friction assumption adopted in the methodology. Second, the wave
induced velocity follows a Gauss 1 process, with  mean of zero and a variance of o,
the zeroth niome  of the open water velocity spectrum.

In order to properly capture the random wave-induced motions for collision ve-
locities, a new method was been devi Hped. Fuglem (1997) enhanced the approach
by Lever et al. (1988), in order to consider the forward drift of the iceberg. The
wave induced collision Heed is approximated using the follc  ng “Special Rayleigh”

distribution

_s@Frtu—kor - " k0,0) - Fyl I
Fsp = S(U) [l —Fr(k,0)] + K|l —Fpn (—/ﬂ, 070.)] . (224)

where s is a normalization constant, Fj is the cumulative Rayleiy  distribution, w
is the iceberg collision velocity, k£ is 7 : forward drift speed of the iceberg, o is the

variance of the iceberg surge velocity, and Fy is the cumulative nor: 1l distribution.
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The full derivation is provided in Fuglem (1997).

2.4.3 Ice N :>:chanics Model

The iceberg impact model is based on the work of Matskevitch (1996, 1997a, 1997Db).
The model accor ts for tlie inertial properties of the iceberg during impact. A small
angle of rotation assumption is adopted in the mmodel. As well, any secondary impacts
with other locations on the iceberg are ignored. ..e degrees of freecdom cousidered in
an iceberg-structure impact include translation in the r direction and rota 1 about

the three principal axes of the icebel

2.4.4 Iceberg Rotational ...fects

Upon impact, a portion of the initial kinetic energy of the iceberg is converted into
rotational energy. This results in less energy available for ice crushing. The € cts of
iceberg rotation are incorporated through the use of a nou-dimensional eccentricity
paramcter, G.

Consider an iceberg impacting  vertical walled structure, as shown in Figure 2.13.

The eccentricities about the threc global axes (2, vy, z) are

= Xcp — TCAl, (225)
€y = Yopr — YO M, (2-26)
€: = 2Ccp — SCM» (2~27)

where the subscripts CM and CP denote iceberg center of mass and contact point

respectively.
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Figure 2.14: Illustration of iceberg principal axes

2.4.5 Iceberg Radius of Gyration

The radius of gyration for the iceberg is calculated as

e =1\ =, (2.33)

where I; is the inertia about the ith axis and m is the iceberg mass (including added

mass).

2.4.6 Eccentricities bout the Axes of Inertia

» uC eccentricities €; are defi | the shortest distance between the force F and the

ith axis of incrtia and are calcu  ed as

€; = ]LL . [Cg,ﬁyfz], (234)
where
e XU
by = ——, .35
Fxl| (2.35)
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represents the unit vector normal to the plane containing F and ;

2.4.7 Equations of Motion

The ice force vector F' is assumed to act normal to the surface of the structure. For

a flat vertical structure then, the forr  only acts in the z-direction
F=[F00]. (2.36)

Translational and rotational motions are accounted for using the standard cquations

of motion (translation and rotation, respectively)
o (2.37)

and

b= M _ (@F) -«

7 — (2.38)
; merg
where F' is the impact force actit  in the z-direction, Af; is the moment ¢ veloped

about the ith axis, ¢; is the proportion of force acting perpendicular to the ith axis

and is calculated as
P — (FA L

. (2.39)
| ]

g; =

2.4.8 Penetration

Given the assumption of small ¢ ‘cro  ion, the penetration § norm: to the surface

may be approximated using

6 xT—eb1singy €26, c08 Gy — €303, (2.40)
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The sccond derivative of | 1etration, with respect to time, results in
d T — €0,sinFy — €36, cos By — €365. (2.41)

Substituting Equations (2.37) and (2.38) into cquation (2.41) results in

. F . 612 622 632 :
§=— |1+ (sinfo)qi— +(cosfo) o= + @3 | (2.42)
m Ty, Tgs Tt
or
. F
d=—-——G, (2.43)
m

with the non-dimensional ecce ricity factor G defined as

2 2

. f €0 .
G 1+ nuf)g  (cosBy) o= +q—7- (2.44)
Tg1 gs T

2.4.9 Maximum Imy zt F :e

The maximum impact force occurs  the point of maximum penetration. Substitut-
ing equation 2.43 into 2.6, rearranging and multiplying by the penctration velocity 6

results in
mad
G

076, (2.45)

Integrating Equation (2.45) witli1  sect to time, from the time of initial contact to

the tinie at which the iceberg comes to a complete rest, t;, where d = 0, results in

.[f

(il”(l.l'
= / [—k87] d6.(2.46)
0

2G |lo
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The iceberg design load methodology is based on the assumption that the initial
kinetic energy of the iceberg must be dissipated through ice crushing or converted
to rotational potential energy. Since 6 (0) =  (0) and 5(tf) = 0, the left side of the
cquation represents the component of the initial kinetic energy dissipated through
crushing and the right hand side represents the amount of crushing work required to

reach maximum penetration. o quation (2.46) simplifies to

I‘C;EO _ b e’ L (2.47)
¥+ 1
Solving for the maximumn penctration results in
1

6171(11 [_U - K :] . (2-—18)

Substituting d,,., into Equation "~ 6) results in
KFE.~+1 ST

F k- : (2.49)

G K

2.5 Probabilistic es’n Loads Module

[eeberg impacts with an offshore structure on the Grand Banks are rare  on the or-
der of 1 impact in 10 years when considering all icebergs. . ac nuniber of impacts, or
arrival rate of icebergs, may be tr  sed as random and modelled using a Poisson pro-
cess, as described in Jordaan (2005). It can be shown that the extremal distribution

corresponding to . 100, 1000 or 10,000 is given as

.(2) xp{-v[l— Fx(x)]}, (2.50)
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where Fiz(z) ist :extreme distribution of impact forces, F'y () is the distribution of

all impact forces, and v is the >cted number of impacts per year.

2.6 Application of Methodology

The iceberg des 1 load methodology can be used to analyze a v ety of structure
types, ranging from a fixed GBS type, to a floating vessel capable of disconnecting
to avoid an impact. Two typical structures operating in the Jeanne d’Arc Basin, a
GBS and a FPSO, are anal: :d using the methodology. The output results include
global impact forces applicable to the entire structure, and a sununary of p  amecters

contributing to the design loads.

2.6.1 GBS Analysis

Consider a GBS located at the center of a degree square in the Jeanne d’Are Basin.
The GBS has diameter of 100 m 1d extends above the water surface. The water
depth is 100 m. Iceberg design loads are estimated using the methodology described
in this chapter. The main result or output from the methodology is a distribution of
impact forces.

Figure 2.15 sh the exceedence distribution of horizontal impact forces. The
dashed line represents the distribution of forces, assuniing an nmpact has occurred,
and will be referred to as the per impact distribution. However, iceberg impacts are a
rare occurrence. To account for rare the occurrence of iceberg impacts, the probability
of exceedence is multiplied by the impact frequency. The result is a vertici  shift in
the force distribution, as shown by the solid line in Figure 2.15. The 100, 1000, and
10,000-year design loads can be read ' :ctly from the figure, as indicated.

Table 2.1 suimnmarizes the ilts from the GBS analysis. The ove I impact force
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speed input r iceberg load estimation, or detection and phy. :al management

algorithins.

o

Intermediate term models. Intermediate drift speed models are similar to the
short term models, ho /er with larger spi al and temporal ranges. These
models are used to estimate trajectorics for periods of up to 14 days and may
cover regions as great as several hundred square kilomet . Iceberg drift models
used by the International ice Patrol (IIP) and the Canadian Ice Service (CIS)

may be classified as intermediate models.

3. Long term models. These models are used to predict iceberg trends o longer
periods, on the order of several months to a year. The objectives of long term
drift models are to capture the trends regarding the numbers and general loca-

tions of icebergs, and not specific trajectories.

The majority of the iceberg drift  adels can be classified as short term models,
with a few * "e1  diate types. The following sections describe some of the iceberg
drift models developed during the last couple of decades. In addition, models resently

used by the IIP and the CIS are described.

2.7.1 Short .ierm Drift Models

The main objective of short term iceberg drift models is to predict the drift trajectory
of an iceberg wit n close range of a structure. Depending on the forecast trajectory,
physical management procedures, such as towing, may be initiated. In addition, short
term models may be used to estimate near instantaneous iceberg drift speeds, which
are particularly important in modelling the expected hmpact force from an iceberg

colliding with a structure.
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In general, statistical models are useful when the required environment: data or
physical iceberg ¢ wracteristics are not available. Limited information may be used to
predict iceberg drift speed by estimating drift speed parameters (mean and standard

deviation) as functions of other parameters such as iceberg size.

Dynamic Models

Dynamic iceberg drift speed models have been proposed, among others, by Mountain
(1980), Sodhi and El-Tahan (1980) and Smith and Banke (1981). The environmental
forces considered by these models included the Coriolis force, water and air drag forces
and geostrophic current forces. The wave drift force was omitted in the carly drift
models. However, Isaacson (1988) shows that wave drift force may be significant, and
later models have included it.

Dynamic iceberg drift models are based on Newton’s Second Law of Motion, stated
as: “The rate of change of momentum of a body is proportional to the resultant
force acting on the body and is in the same direction.” 7 Hth the IIP and the CIS
have developed iceberg drift models using a dynamic approach. Some of the conumon

features and differences between the two models are discussed in the following sections.

IIP Drift Model

The IIP have incorporated an iceberg drift model as part of daily operations. All
relevant information pertaining to icebergs observed by, and reported to, the I are
entered into the drift model. The model has two primary purposes. It is used to
estimate the future position of the iceberg, which provides an estimate of the iceberg
location if it is not spotted on subsequent flights. The model is also used to determine
if a observed iceberg was sighted during a previous flight or if it is a new observation.

The IIP drift. model is based on the model developed by Mountain (1980), which
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In 1981, an addition was made to the model to allow the mean current field to be
modified by real time satellite tracked drifter data (IIP 2007).
The Coriolis effect may be defined as the apparent deflection of an object from its

path in a rotating coordinate system. The Coriolis force, F¢-, is given as

R0 (ix @) sing. (2.55)

where m is the iceberg mass, 0 7.27 x 107° rad/s. k is a vertical unit vector, u is
the velocity of the iceberg relative to the water and ¢ is the latitude.
The pressure gradient force Fp is determined using the following expression
d Vi =

Foomp o X Vi | (2.
(¢4

[S]
[
c
~—

where V,,,,, 15 the mean current velocity, and [ is the Coriolis parameter.

CIS Drift Model

The CIS has dev: ped an iceberg drift and deterioration model which is documented
in Savage (1999), Sayed (2000) and Carrieres et al. (2001). The deterioration is
modelled v ng thermal processes and calving, with details given in Savage (2001).
The drift component of the model is based on the work of ™ "I and Bauke (1981),
El-Tahan et al. (1983) and B et al. (1997). Several enhancements and new features
are also incorporated into the model. One of the significant features is an improved
environmental forcing algorithm and associated inputs. The model relies on input
from the Community Ice Ocean Model (CIOM), which is an implementation of the
Princeton Ocean Model (Mowor 190 . ,. The CIOM provides predicted occan ¢ nts

at 16 s° na depths, which are then in turn interpolated to 10 m lavers. The ¢ ng
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equation of motion for the CIS drift model is given as

d ” — — — — — —
m (?[Z'f' f X V) :E4 + FH-’ + FR + Fl’ + Eun\ (257)

where L_: is the iceberg velocity.

The air drag force is calculated using the same format as in the IIP model (Equa-
tion (2.53)). However, since the iceberg velocity is usually much smaller than the
wind velocity, the relative velocity U, is replaced with the wind velocity (IXubat and
Sayed 2005).

The water drag force F, is estimated using

— 1 , . N _ R

Fu= 5owCa A (k) luw (k) — v’ (uw (k) - v) , (2.58)
k

where py is the density of water 1d €, is the water drag coefficient, and Ay is the

cross-sectional area of each layer. . ..e draft of the iceberg is divided  to 10 m layers,

as suggested by Smith and Donz s (1987). The current velocity at ea  layer is

Uy, (). This is an improvement on the IIP model which uses four unequal layers to

represent the iceberg keel.

The wave radiation force is given
7 ]- 2 - el =
F mCurgla® [uq| ta, (2.59)

where (Y, is the wave drift coefficient, g is the acceleration due to gravity, L is the
iceberg waterline length, a is the wave amplitude, and u, is the wind velo .

Previous models, such 5 Smith and Banke (1981), have assumed the  an is in
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steady, geostrophic equilibrium, and that the pressure gradient force Fp is propor-

tional to fA x V,,. Bigg et al. (1997) have shc 1 that the pressure gradient force F,

is better defined as

—

- dV.. - —
F,=m » + [ X< Vi |, (2.60)

—

where 1, is the mican current velocity. and [ is the Coriolis parameter.
The CIS model takes into account the added mass of the icebr 3. This is incor-

porated throughc t the model as m = (m + my,).




Chapte ' 3

Dimensional Andlysis of Iceber_

Drift Speed

3.1 Introduction

Sometimes it is difficult to obtain co1 Hlete solutions to engineering problems. Sonie
problems contain a large number of variables and calculations may become too long to
solve by hand or even by computer. Other times, there is just not enough information
known to determine a complete solution. In cases like this, partial solutions may
provide  »ugh information to resolve the problem. One method of obtaining partial
solutions is through the use of dimensional analysis.

Dimensional analysis * volv  studying the dimensions of cach variable involved
in the problem and combining them to form new parameters. The new parameters
all have the same dimensions (normally zero dimension or dimensionless). By coni-
bining the variables, any ext  or redundant variables are remove and the problem
is simplified. The result of din  sional analysis is a set of non-dimensional t s

which may be used as building blocks for experimental work.




Fourier’'s principle of dimensional homogeneity forms the basis of dimensional
analysis. Fourier stated that each and every term of an equation must have 1e sanie
dimensions. Since Fourier, many other mathematicians have developed methods to
solve partial analysis problems. Amongst the first were Buckingham (1914) and
Rayleigh (1915).

In this chapter, the theory of dimensional analysis is applied to the drift speed
of icebergs on the Grand Banks. Several dimensional analvsis methods ¢ intro-
duced briefly. The matrix method is explained in detailed and is applied to the drift
speed problem. Results are then compared with the deterministic drift speed model

described in Chapter 4.

3.2 Methods of Dimr—sional Analysis

Buckingham (1914) was the first to develop a rule regarding the number of dimen-
sionless parameters required proy 1y to represent a phenomenon. Buckingham’s Law
states that for a problem with m variables, involving n dimeusious. the correct so-
lution to the partial analysis would involve (m — n) parameters. Buckingham called
these dimensionless terms 7-terms. Buckingham also developed a method in which
each 7-term could be ¢ iped based upon (m — n) repeating variables. Repeating
variables are chosen such tI the set of all repeating variables contains all the rele-
vant dimensions to the problem. Each remaining variable is then combined with the
set. of repeating variables in such a manner that the result is a new dimensionless

parameter.




Lord Rayleigh (1915) developed an approach to solving din  1sional analysis prob-
lems using three steps. T1 first step involved developing a functional equation de-
scribing the phenomenon in question. Each dimension must be included in the equa-
tion. The next step was to expand the functional equation into the ‘fundamental’
dimensions of cach variable. The final step involved cquating the exponents of cach
dimension, resulting in dimension 5 parameters.

There are several other methods which may be applied to dimensional analysis.
They include the matrix method, the method of governing equations. and the method

of synthesis.

3.2.1 Matrix Method

The matrix method, first introdu | by Barr (1935) and later refined by Sharp and
Moore (1983), is a very powerful nmethod for deterinining the non-dimensional terms
associated with a particular phenomenon. It is especially powerful when there is
a large number of variables involved. The steps involved are stra  at forward and
mechanical in nature. However, the user has limited flexibility in guiding the solution
when choosing the repeating variables. The following steps outline the procedure

followed when using the matrix method.

1. Formulate the dimensior  miatrix. This is a matrix in which the column lhead-
ings are the variables involved in the problem and the row headings are the
basic dimensions (i.e. ler  h, mass time). Each matrix entry represents the

exponent of the dimension for that particular variable.

2. Determine the rank, m. of the dimensional matrix. The rank is calculated as the
number of variables required to completely describe the problem. The number

of basic dimensions required to completely d  ribe the problenr is given by n.




3.3

The number of m-terms, k., required to completely describe the roble  is then

given by k =n —m.

Choose the repeating variables for the calculations. The repeating variables
must contain all of the dimensions involved in the problem and : >uld be chosen

from the sct of governing (or independent) variables.

Divide the dimensional matrix into two submatrices, A, and A,. A) is an m xmn
matrix containing the dimensions of the repeating variables. A, is the remaining

portion of the dimensional matrix.
Solve the equation B = A7 A,.

Form the solution matrix by combining an 1 xm identity matrix and /3. Extract

the & m-terms from the resulting matrix.

Formr 1lation of Functional r.quation

The first step of any dimensional analysis problem is to sclect the variables to include

in the analysis. The is no set of rules or guidelines for this procedure. However, a

complete understanding of the phenoinenon will greatly assist in the matt.

The variables involved iu the drift speed of icel  gs can be d  led into five cate-

gories

the geometric propert  of the eberg,
the physici  properties of the iceberg,
tlie physical pre of the s water,

the environmental conditions, and

ot
n







Table 3.1 lists all the relevant variables and dimensions. The total number of
variables required to completely describe the drift speed problem is i = 14. These
variables contain three dimensions (n - 3); length L, mass M, and time T. Therefore,
the number of dimensionless | ters required to completely describe the problem

Ism—n 11.

Table 2 1+ Tiet af warigables applicable to icehero drift sneed modelling

Variable Dimensions
Iceberg waterline length, L [L]
Iceberg height., [/ [L]
Iceberg draft, D (L}
Iceberg above v rer projected area, A4 [L?]
Iceberg below water projected area, Ap [L?]
Iceberg shape number, 1S -]
Iceberg mass, A/ [M]
Deunsity of ice, p; [L=*M]
Density of water, pyy [L—*M]
Wind speed, Uy [LT 1]
Current spc , Ue [LT']
Significant wave | 1t [lg (L]
Water depth, Wp, (L]
Gravitatiol ! [LT~2

Using the variables listed in iuble 3.1, the following functional equation can be
created

Up = ([/w ][a D7 A/’n AB, [*g', Alv pr, Pw, (]H'y (](77 115,\ "171)' (]) : (31>

Equation 3.1 can be rewritten with the de; dent variable, v;,, placed inside the













in the deterministic model. The parameter, 7y is the building block of > entire
analytical model. The model is set up as a function of L and /g, only. All other

variables have been determined to be functions of these two variables.
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4.2 Model Components

Since the environmental conditions change relatively slowly, the iceberg is considered
to be moving at or near the equilibrium speed. Therefore, the external forces are
assumed to be in equilibrium and the inertial forces are ignored. Coriolis forces and
pressure gradients are not included in the model.

The external forces in the present model include the wind drag. the water drag,
the wave drift, and the local current drag forces. Figure 4.1 illustrates the forces
acting on the iceberg. The wind will create a drag force on the iceb ¢ act gin the
direction of the wind. Way  will cause diffraction and result in a wave force acting
in the direction of the waves. Lo currents will also influcnce iceberg motion. In
addition to these forces, there will be a water drag force acting against the forward
motion of the iceberg.

The wind drag and the wa  drift forces are calculated using standard flu 1 drag
cquations. The velocity of the iceberg relative to the local current is then determined
such that the water drag force is in equilibrium with the wind drag and wave drift
forces. The drift velocity is tl 1 calculated using a vector sumination of the remaining
velocity components. Only the speed component (i.e. the magnitude of the drift

velocity vector) is required for the design load methodole .

4.2.1 Local Current Forces

An estimate of local current force is required for the drift speed model. The approach
is to niodel the current as a function of the local winds. This approach is suitable
because the wind speed is readily calculated as a function of the significant wave
height. In addition, * » local wind generated current ¢ ponent dominates iceberg

drift during storm conditions. An estimate of the local wind generated current was

63




Direction
of wind

7N

Wave Wind
drift dr:
> » — Water
< drag
Resultant
Ekman drift speed
Current
Figure 4.1: Il ion of forces acting on an icebe
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obtained using kman’s current theory.
Wind blowing across the ocean surface will create a drag force on the surface
layer of water causing a thin layer of water to move in the direction of the wind. The

magnitude of this surface layer current is given by (Pond and Pickard 1983)

Vi 0.0127

= (4.1)
U /S @]

where V4 is the surface current speed, (/yy- is the wind speed. and ¢ is the latitude in
degrees.

Due to the Earth’s rotation aud the Coriolis effect, the surface cu ot is deflected
45° to the right (in the Northern Hemisphere) of the direction of the wind. The
layer of water at the surface, in = 1, exerts a stress on, and thus produces motion
in, a layer of water immediately below it. ..e sub-surface motion is deflected cven
farther to the right of the wind by the Coriolis effect. The transfer of momentum
between layers is inefficient and energy is lost between cach layer. The overall effect
is a deflection to the right, incre  ing with depth. This creates a spiral pattern. The

magnitude of the current varies with depth exponentially as shown by

Ue Vyoxp <27" ) , (4.2)

e

where V4 is the surface current speed. = is the depth, and Dy is the Ekman depth.
The Ekman depth is the depth at which the magnitude of the current is 04 times

the magnitude of the surface current, and is given as

4.3Uw
Dp=—-""" (1.3)

\Y

The net movement of v ; u, — to the Ekman depth is 90° to the right of
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4.2.2 Wind Drag Force

Wind blowing across the face of an iceberg will cause a drag force acting in  1e same
direction as the wind. This for  depends on the density, velocity, viscosity and
compressibility of the air. and the size and shape of the iceberg. The wind drag force

acting on an iceberg can be calculated using the standard drag equation
1 (v 2
[y= 3 ‘ApaAaUy, (4.4)

where F4 is the wind drag force acting on the iceberg, (74 is the wind drag coefficient
for a given iceberg, pa is the density of air, A4 is the projected arca of the above
water portion of the iceberg perpendicular to the direction of the wind, ¢ d 7y is
the wind speed.

Irregular shaped objects can have a drag coefficients ranging {from approximately
0.3 for smooth sloping objects to approximately 1.5 for sharp edged objects (Smith
and Donaldson 1987). For icebergs, the wind dr:  coefficient (74 was clhiosen to be
1.0.

The above water portion of the iceberg is the ouly part of the eberg influenced
directly by the wind drag force. Smith and Donaldson (1937) performed a detailed
survey of nine i » , obtaining profile n ¢ ats for each icr erg.  sing the
information from this survey. a relationship between the iceberg waterline length, 1,
and the above water projected area, A4, was determined. The above water projected

arca may be estimated using A4 0.115L%
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4.2.3 Wave Drift Force

Since the waterline length of icebergs is large relative to the wave length, o waves
will scatter around them. This scattering creates a net force on the object due to
the diffraction of the wave energy. Many iceberg drift models neglect this force.
However, wave drift. forces are ¢ ificant when compared with the other forces acting
on an iceberg (Hsiung and Aboul-Azm 1982). A good understanding of wave-body
interactions is necessary when caleulating wave drift forces acting on drifting icebergs.

Wave drift forces can be divided into two parts:

(1.) First order wave forces which are linearly proportional to the wave amplitude.

These forces have the same frequency as the waves, and are periodic  nature.

(2.) Second order wave forces. These forces are time averaged and vary sl vly with

the magnitude proportional to the square of the wave amplitude.

The wave drift. force is the ste ly state component of the secoud order force and may

be estimated using the following equation (Isaac »n 1988)
1 ,
Fp = 5Copwgli 117, (4.5)

whe [ the wave drift force, (7p ~wa d  coeflicient for a given icebe
ow 1s the density of water, g 1s the gravitational acceleration, 1) is the characteristic
dimension of the iceberg, and 17 is the regular wave height.

Dimensional analysis reveals that the wave drift coefficient (') is a function of
D,/ Ly where L is the wave length. The wave drift coeflicient. is usually estimated
using models based on potential flow theory. Figure 4.3 shows wave drift coeflicients
for three icebergs varying in -~ pe. Isaacson (1988) provided two wave drift curves,

representative of tabular iceb _ wi steep sides. The first cur s ed on a
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Figure 4.3: Wave drift coefficients

circular cvlinder with a draft to diancter ratio of 0.5 and the second curve is based on
a square cylinder with a draft to diameter (side) ratio of 0.5. A spherical iceberg was
used to represent wave forces on domed icebergs, growlers, and bergy bits (Cammaert
ct al. 1992). A spherical iceberg is most representative of icebergs found on the Grand
Lanks.

The characteristic diniension . i D7 set equal to the waterline length
for all icebergs. The regular wave height is repre  1ited using the root-mean-square of

the wave height. This variable gives results that best represent the random sea state.
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4.2.4 Water Drag Force

Icebergs moving through water will develop a drag force acting in the opposite direc-

tion of the movement. This drag force is calculated using the standard drag equation
1 v 2 .
Iy = 5(’11’,011'/13(]”'» (1.6)

where [y s the water drag force, Cyy is the water drag coefficient, pyy- is the density of
water, Ap is the below water projected arca perpendicular to the direction of niotion
of the iceberg, and Uy is the velocity of the water relative to the iceberg.

The below water projected ea is based on iceberg measurements by Smith and
Donaldson (1987) and is given as Ap = 0.612L2%. The water drag cocfficient (7 is
set to 1.0. Single values for both ') and Az » e chosen for the niodel instead
of depth dependent values. Depth dependent values would require a more detailed
underwater iceberg profile as well as drag coefficient data for various depths. This

was deented unnecessary since the lo current is approximated using Ekinan theory:,

and the forces are averaged over the entire draft of the icel

4.3 Rest tant Drift Velocity

The resultant drift velocity is determined as a vector addition of the velocity com-
ponents calculated using the abo  equations. The wind drag force Iy and the wave
drift force /p arc assumed to act in the same direction and are set eq 1 to the
water drag force Fy. Using Equatic 4.6, the velocity of the wi »r rela e to the
iceberg, Uy, is deterinined. The resultant iceberg drift velocity V) is then calculated
by adding (/- and the current velocity U, The Ekman current is asstied to be

acting 90° to the right of the | direction.
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Figure 4.4: Comparison between modelled and observed drift speed distributions

The model output drift speed data were compared with a drift speed distribution
developed by Seaconsult (1988). The distribution was developed based 1 onshelf
observations fro 100 icebergs covering three d  went years. The comparison is
shown in Figure 4.4. The deterministic model is in good agrecuent with the observed

data, especially  r drift T rater than 0.4 ni/s.

71




Chapter 5

Comparison betw_2n Observed

and Model d Drift Speed

5.1 Introduction

The present chapter compares iceberg drift speed data calculated using the determin-
istic model described in Chapter  with observed data. The purpose is to determine
if the existing di . speed model represents well the observed data, and if any correla-
tions exist between the drift speed 1d either the waterline length or significant wave
height. At the time the dete  ~  tic model was developed, there was a lin - ed nun-
ber of drift speed data avail: e for comparison purposes. During the past decade.
much more data have become available.

Section 5.2 discusses each of the data sets collected for the study. Several data
sets were available for the iceberg drift speed observations, and one data set was
available for the sea state conditions. Sections 5.3 and 5.4 discuss the calculation of
the observed and modeled drift  eed, respectively. The observed drift speed data

arc calculated directly from recorded iceberg drift tracks. The modeled drift speed

72




data are calculated using the deterministic speed model, with the obscerved — and [/
values used as inputs. Section 5.5 discusses in detail the comparisons made between
the two data sets.

Figure 5.1 illustrates the study region chosen for the study. The study region
was chosen such that the majority of the iceberg drift tracks were included as well
as all of the major oilfields in the Jean d’Arc Basin. This region is bounded by
48.5°N latitude, 47°W lo1  ‘tude, 45.5°N latitude and 49.67°W longitude, i d covers
an arca of approximately 52,000 square kilometers. Within this region two smaller
regions were defined; namely the onshelf and offshelf regions, separated by the 100 m

bathymnetric contour.

5.2 Observed ta Sources

5.2.1 Iceberg Data Sources

Iceberg observations were collected from two sources. The first sov ¢ was the Cana-
dian Offshore Oil and Gas ] mnental Data archive published by the Marine En-
vironmental Data Service (MEDS 1997). This da  set cont: ©  iceberg observations
from drilling platforins operating on the Grand I 1ks during the 1980's. This data
set was supplemented with data from the Provincial Airlines (PAL) Iceberg Detec-
tion and Reconnatissance Program (PAL 2000, PAL 2001, PAL 2002, PAL 2003, PAL
2004). These data were collected by PAL du 1g routine flights over the Grand Banks
during the 2000 to 2004 icebe  seasons. Both data sets were combined resulting in
a total of 6146 data points.

Figure 5.2 1ows the compar m between observed waterline ™ agth data and

the distribution used in mods for the wrand canks region (sce Section 2.2.1).
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Figure 5.3: Obscrved and modelled significant. wave height distributions

1 m to 3 m range. Overall, tl iceberg drift data  t is reasonably represc tative of

the modelled waterline length and significant wave height distributions.

5.3 Calculation of Observed Drift Speed

The iceberg data were supplied in the form of iceberg drift tracks. These tracks con-
tain data on the time and location of ea * observation of an iceberg. 1 ae observed
drift speed was calculated as the ratio of the diff nces in position and time be-

tween two consecutive observatior  Figure 5.4 illustrates this concept. The distance
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Figure 5.4: Calculation of icebe  drift speed using two consecutive data points

traveled between Point 1 and Point 2 is determined as

dist, = 111.1984 x (long, long) x cos (203 % 1000
dist, = 111.1984 x (laty — laty) x 1000 (5.1)

dist = VARSI - dlst;

wlhere the constant 111.1984 km is the length of one degree of latitude (60 minutes
or nautical 7 s). The h of one degree of longitude is a fun  on of latitude;
the length of one degree of lo1 “tude decreases with increasing latitude. The drift
speed is calculated as the ratio between the distance travelled and the time difference
between the two records

dist

vp T (5.
lomey — tune

[eha]
o
—

The drift speed data were then ¢l ked for any inconsistencies or anomalies. For




example, records with erroneous dates or missing information were excluded from the

analysis. Each data point was checked using the following set of criteria:
e the iceberg waterline length must be known;
e the iceberg cannot be grounded or have a drift speed of zero:
e the iceberg can not be 7 tow by a supply vessel;

e the time i1 ~rval betv 1 two consccutive track data polnts must be greater

tlian 30 minutes and I than 8 hours; and

the iceberg must be located within the study region indicated by Figure 5.1.

In addition, any duplicate iceberg tracks recorded in the database were removed.

5.4 Calculation of Modelled Drift Speed

In order to perform a « n-c  cc  oHarison between modelled and obs  ved drift
speed data, the modelled drift speed must be ealculated for the same size iceberg
experiencing the same environmental conditions as recorded in the observed data set.
This is accomplished by usit 1c observed data pairs {L, [{g} as inputs in the drift
speed model described in Chi ter 4.

The result is a data set containing obsc 11 Herg waterline lengths and signif-
icant wave heights, as well as observed and modelled drift speeds. In the following
scctions, the observed and modelled drift speed data are compared on a one-on-one

basis in an attempt to identify any significant correlations that may exist.
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The figure shows that the overall modelled drift speed distribution has a similar
shape as the observed drift speed distribution, indicating the model predicts ¢ drift
speed well on average. The model underestimates the drift speed in the tail of the
distribution (drift speed greater than 1 m/s). This may be important considering the
tail of the distribution is significant in an extremal analysis.

Figure 5.6 shows the one-to-one comparison between the observed and modelled
data sets. A least squ  es regression line and the 72 value are included to indicate the

K

correlation between the to da  sets. For a “perfec ’ modecl, the regression line would
indicate a one-to-one relationship, meaning the model would predict exactly the ob-
served value for the same iceberg. The figure shows no significant correlatic  between
the two data sets, as indicated by r? = 0.42. In addition, the «  2rministic model does
not appear to generate any drift speeds less than 0.05 m/s while the obser 1 data
set does include speeds less than 0.05 m/s. Several reasons may contribute to this
result. Overall, the deterministic model does not capture the randomness inherent
in the observed drift speed data. Fi | the present drift speed modecl is based on a
deterministic relationship with =" » ¢ 1ificant wave height parameter. The observed
data indicates that other factors add random components to the drift velocity. One
suclt component may be ocean or tidal currents. Second, the deterministic model was
developed based on the full distribution for both iceberg waterline length (5 m < L <
400 m) and significant wave height (0 m < Hs < 14 m). However, the obscrved
data set does not cover the enti range for either waterline length or significant
wave height. The joint distribution between the waterline length and significant wave
height parameters is an integral part of the drift speed model and may not be fully

captured by the observed data.
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data, and to make correlations between the two data scts, cach of the sca state cate-
gories were further divided into the iceberg size categories.

Table 5.4 to Table 5.6 summarize the results. The comparison figures for the joint
relationship categories are given in Appendix C. For all size categories, i all sca
state conditions, the model failed to capture the shape of the observed drift speed

distributions, and underestimated the tails of distributions considerably.

Table 5.4: Summary statistics for observed and modelled data sets for ice  rgs size

Categories in lnw era atates Mean and ctandard deviatinn nnite are [m /<]

Category Mean Std  Mecan  Std
Bergy bit/growler 484 0.36 0.32 0.21 036 0.11
Small 1637 0.19 0.31 0.21 030 0.13
Medium 1350 0.19 0.32 0.22 0.23 0.11

Large and extra-large 535 0.22 0.24 0.19 0.16 0.07

Table 5.5: Summary statistics for observed and modelled data sets for ice  1gs size

categories in medium sea states Mean and standard deviation units are /s

Iceberg Size n r? Observed Modelled

Category Mean Std Mean Std
Bergy bit/growler -9 019 045 022 065 0.10
Small 602 0.17 047 0.25 0.68 0.09
Medium 706 0.16 045 0.26 066 0.14

Large and extra-large 454 042 044 0.30 054 0.14




Table 5.6: Summary statistics for observed and modeclled data sets for icebergs size

categories in hieh sea states Mean and standard deviation units are [m /sl

Iceberg Size n o r? Observed Modelled
Category Mean Std Mecan Std
Bergy bit/growler 0 - - - - -
Small 63 0.09 0.83 025 1.10 0.09
Medium 60 024 073 033 1.11 0.10

Large and extra-large 36 0.20 0.73 0.17 0.92 0.07

5.5.5 Comparison Based on Water Depth

A comparison based on water depth v ; performed to assess the correlation between
the two data sets. The onshelf region was defined as the portion of e study region
which has a water depth less than 100 m. The offshelf region has a water depth
greater than 100 m. The observed and modelled data sets were divided based on the
water depth corresponding to « h obser ion.

Table 5.7 summarizes the results of the comparison. For the onshelf r ion, the
model over estimates the observed distribution. For the offshelf region, the model
predicts well the observed drift speeds, for drift speeds less than 0.7 m/s. For data
greater than 0.7 m/s, the model underestimates the observed drift speed. Appendix

D contains details of the comparison.

5.6 Summary of Results

The deterministic drift speed model captures the overall trends of the observed drift
speed data. Figure 5.5 shows that the model predicts well the observed data for drift

speeds up to a maximum of 1.2 mn/s. However, there is little correlation between
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Table 5.7: Summary statistics for observed and modelled data based water depth.

Mean and standard deviation nnite ara [ /dl

Water Depth n r? Observed Modelled

Category Mean Std Mean Std

Onshelf (< 100m) 2023 0.52 034 0.25 046 0.26
Offshelf (> 100m) 4123 0.40 0.38 0.25 0.38 0.23

the observed and modelled data. This is evident througl the model-data compar-
isons made based on various iceberg  ze and significant wave height categories. The

following summarizes the results.

e MNModelled drift speed decr  es slightly with increasing iceberg size. whereas

observed data appears to be independent. of iceberg size.

e Both observed and modelled drift speed increase with increasing significant wave

height.
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Chapter 6

DNevelopment .f a Probabilistic

Drift S eed Mudel

6.1 Introduction

The results of the analysis p: ited in Chapter 5 indicate the determini ¢ model
captures the overall trends in the iceberg dr | 2ed data. The mean iceberg drift
specd increases with increasi  significant wave height, and decreases slightly with
increasing iceberg size. However, the model does not capture well the correlation
between the individual drift spec  data points and the associated waterline lengths
and significant wave heights. On a onc-on-one basis, the model does not p lict well
the iceberg drift speed. Other random components, such as occan or tidal currents,
may contribute to the final drift speed.

In this chapter, a probabilistic iceberg drift speed model is presented. The model
may be described as a statistical model, as outlined in Section 2.7. It is based on
a joint distribution between the iceberg waterline length and the significant wave

height. Since the results presented in Section 5.5.5 show that water depth has an
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effect on drift speed, only onshelf drift speed data (water depth less than 100 m) are
used to develop the probabilistic miodel. These data are considere representative
of the drift speed of icebergs that may impact structures operating on the Grand
Banks. However, given a sufficient data set, this type of model can be generated for
aly region.

Section 6.2 discusses the approach used to develop the probabilistic drift speed
model using onshelf data. Section 6.4 summarizes a sensitivity analysis performed
using the iceberg design load methodology. Iceberg design loads were estimated using
both the deterministic and the new probabilistic drift speed models. Output design

loads and mean contributing parameters are sumnarized.

6.2 Model Develo, ment

Ideally, a drift speed model should be developed using data from all the possible
combinations of waterline lengths and significant wave heights. However, problems
arisec when the available da  do not cover the entire range of the distributions. The
approach adopted in this study is to identify the trends obser | in the ava: >le data
and to extrapolate those trends to the full range of the distributions. The results are
reviewed carefully to ensure the « ipolation does not extend beyond what is believed

to be true. The model franiework is outlined in Figure 6.1

6.2.1 Model Franm work

The mean iceberg drift speed is modelled as a function of the waterline length and
significant wave height. Similarly, the atter in the data is captured by the standard
deviation which is a » model a function of the waterline length and . nificant

wave height. Iceberg drift speed  ta fromn the available data scts described in Chapter
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The mecan drift speed value from cach bin shown in Figure 6.2 were exti ted and
plotted on a three-dimensior  surface plot. At the lower iceberg waterline length
range. a polynomial was fit th 1gh the data. A similar approach was fo wed for
the upper range of waterline lengths, where a power law expression was chosen to
model the drift speed as a function of the significant wave height. The two bounding
curves were connected linearly, and extended to cover the full iceberg waterline length
range (from 5 m to 400 m). The result is a smooth surface representing the mean

iceberg drift speed as a function of L aud Hg.

The best fit curves at the I and upper waterline length ran; — are expressed

das
U L=7.5m = —0.004211¢> + 0.116Hg + 0.071 (6.1)
Up,=sorsm = 01731151 (6.2)

and shown in Figure 6.3. T1 resulting smooth mean drift speed surface is shown in
Figure 6.4.

In a similar manner, a 3-dimensional surface was used to model the standard
deviation as a function of L and Hg. Using a multi-variable regression technique, the

standard deviatic  can be modelled v ng

o (L, Hg) 0.102+2.98 x 107°L + 0.030//¢ (6.3)

The resulting surface is shown in Figure 6.5

The application of the model is summarized in the following steps.
1. For a given L, I/g pair, a ift s} «dis tracted from F e 6.4
2. Similarly. a standard deviation is extracted from Figure 6.5.
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3. A gamma distribution is e ed using the extracted mean and standard devia-
tion values. This distribution then represents all the possible drift sp 1 values

for the given L, Hg pair.

6.3 Comparison ..ith Observ_. D.lt_.

Figure 6.6 commpares the output from the >del th the obser 1 data. The model
output is weighted to account for the observed distribution of waterline le iths and
significant wave heights. The f  re shows the model fits very well to the data.

In a similar manner, com  risons we made between observed and modelled data
based on iceberg size and significant wave height categories. The results it cate the
model is a good fit in all iceberg s and significant wave height category. However, for

one category, high significant wave height, the probabilistic model does not produce
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a good fit. This may be a result of the low number of data in the category. The

comparison figures are provided in Appendix E.

6.4 Design Load Sensitivity

Using the iceberg design load methodology outlined in Chapter 2, a sensitivity analysis
was performed. Iceberg des” 1 loads were estimated using the deterministic drift
speed model and the new probabilistic drift speed model. In addition, parameters
contributing to the design loads were compared. The GBS and FPSO structures
identified in Section 2.6 were u 1 for the sensitivity analysis.

The effect of the drift speed model on ice management effectiveness is also investi-
gated. Ice management effectiveness is defined as the proportion of icebergs that are
successfully managed, compared with the overall population that would have other-
wise impacted the structure. Iceberg drift speed plays an important role in the iceberg
detection model as well as the physical management models. The drift speed is used
to determine the range at which an iceberg is detected. An iceberg with a lower drift
speed will result in more time a: dle to initiate ice management procedures and

attempt to deflect the iceberg.

6.4.1 GBS Results

The GBS described in 2.6.1 was re-analyzed using the new probabilistic drift speed
model. The results are summarized in Table 6.1. Incorporating the probabilistic drift
speed model results is a 18% reduction in the design load (from 552 MN to 455 NN)

at the 10,000 year annual exceedence level when ice managenient is not included.









Table 6.2: Sunnnary of generic FIPSO results using the probabilistic drift speed model;
no ice managem  t modelled

Exceedence Probability

1072 1073 107!

Horizontal impact force (NN) 42 164 433
Contributing iceberg length (in) 110 139 157
Contributing significant wave leight (i) 3.6 4.1 4.3
Contributing iceberg drift speed (ms™!) 0.48 0.58 0.75
Contributing iceberg collisi — speed (ms™!')  0.46 0.60 0.78
Contributing iceberg mass (1000 tonne) 555 1102 1574
Contributing kinetic energy (MJ) 72 256 727

drift speeds resulted in more tine available between the initial iceberg sighting and

the iceberg reaching the structure. The largest reduction was for the FPSO, with ice

managenient.
Table 6.3: Summary o load sensitivity to iceberg drift speed modelling
Structure Ice Design Load at 10~ %
Prob. vp Mod:  Change
GBS No 502 MN 455 MN -18%
FPSO No 518 MN 433 MN -16%
FPSO Yes 415 MN 269 NN -35%
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Chapt _r 7

Conclusions 1d rut—re Work

7.1 Conclusions

With the world demand for hydrocarbons expected to increase, or at least remain rel-
atively higlh, exploration, developn 1t and production activities on the Grand Banks
will continue to increase. The pre  1ce of icebergs in the region pose a significant risk
the facilities, workers and the environment. Facilities must have sufficient resistance
to maintain integrity should an iceberg collision occur. In response to industry de-
mand, a compre msive iceberg design load methodology has been developed. This
methodology can be used during the design process to assist the designers 1 achiev-
ing an economical, vet safe, d gn for t1 facility. The >thodology also allows the
designers to incorporate the effectiveness ice management procedu s into the design.
This results in a lower design load requirement, while still adhering to the guide-
lines set out in the Canadian Standards Association CAN/CSA-S.... .-04, General
Requirements, Design Criteria, the Environn 1t, and Loads.

The iceberg drift speed model is a fundamental conponent of the design load

methodology. The model estimates the drift speed of icebergs that may potentially
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impact the structure. The drift speed is used to determine the initial kinetic energy
of the iceberg, ¢ 1 ultimately the impact force on the structure. T ¢ drift speed is
also an important variable in the detection and management models.

A deterministic drift speed model was initially developed by Fuglem (1997). This
model calculated iceberg drift  Hyeeds for cach L, I{g combination by balancing the en-
vironmental forces acting on tl  iceberg. The deterministic model predicted well the
overall drift speed distribution,  ven the available data at the time. However, with
the availability of more da | it was shown that the model did not adequately capture
the randommness in the observed data. This randomness may be due to a number of
factors, including localized eddy currents, tidal currents, or the complex underwater
shape of the iceberg. If these factors were taken into account, the deterministic niodel
may give a more complete description of the iceberg drift speed distribution with a
better description of the physii  processes involved. However, such additions would
most likely make the model unsuitable for the Monte Carlo type simulation used in
the iceberg design load methodology.

A probabilistic iceberg drift speed model has been presented in this thesis. The
probabilistic model can be catc Hrized as a statistical model, as outlined in Section
2.7. The mean and stanc cd deviation drift speeds are modelled as functions of
the waterline length and s at wave lieight. Individual drift specd data are then
sampled using a gamma distribution. This approach captures more of the randomness

in the observed data while still preserving to the overall trends in the observed data.
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7.2 Recommended Future Work

During the research and de  opment of the probabilistic drift speed model, several
arcas were identified which required further research. Several of these arcas are out-

lined below.

1. The addition of a ocean current component may improve the correlation with
observed drift velocity data. A detailed study into occan currents that may
affect icebergs on the Grand B: ks is required. Based on this study, a random
or deterministic component of current may be added to or replace tl existing
locally gencrated current component. An example is the diurnal tide current,
which have maximum speeds of up to 0.4 m/s ncar the Hibernia region (Petric

1982).

2. Further investigate the effect of water depth on the iceberg drift velocity dis-
tribution. The onshelf/offshelf analysis revealed that icebergs in deeper water
tend to move faster than icebergs in shallower water. This should be taken into
account in greater detail in the model. Water depth r be introduced as a

third independent variable, and may be closely related to currents.

3. Investigate the effect of Coriolis forces on larger icebergs. The Coriolis effect

was consid  »d a secondary effect in the deterministic model.

4. Continue to add new drift speed data as they become available. This  ay fill in
sonie of the missing areas in the joint L — Hg distribution, as well as strengthen

the cxisting relation ™ " s.

5. Conduct a dicated field program to collect iceberg drift data to fill in gaps in

the data matrix given in Figure .1
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Appendix A

Comparison etween Observed
and Modelled Drift Speed Data

Sets Based on Icebere Size
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