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Abstract: The Canadian Standards Association has developed and published a code for-the design and construction of 
fixed offshore structures. This code has been subjected to a comprehensive verification process which has identified 
several issues warranting further study. One of these relates to the combined effects of wave and iceberg collision 
loading. At present, this combination is treated by the use of a load combination factor specified in the Code. The 
present paper describes a recent study which was undertaken to determine the appropriateness of the recommended 
value of the load combination factor. The study involves a numerical analysis in which loads due to waves alone, an 
iceberg alone, and an iceberg and waves in combination have been calculated for a range of iceberg and wave 
parameters. These results have been applied to a first-order reliability analysis in order to study the force levels 
corresponding to an annual probability of or to the onset of global sliding with an annual probability of The 
paper thereby makes recommendations for load combination factors applicable to combined wave-iceberg loading. 
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RCsumk : L'Association Canadienne de Normalisation a dCveloppte et publike un code de rkgles de calculs pour la 
conception et la construction de structures offshore fixes. Ce code a fait I'objet d'un processus de verification 
approfondi qui a permit d'identifier plusieurs questions justifiant des etudes supplCmentaires. L'une de ces questions est 
relative au cas du chargement de collision causC par les effets combines de la houle et d'icebergs. A l'heure actuelle, 
cette cornbinaison est traitCe au moyen de l'utilisation d'un facteur de cornbinaison de charges spCcifit par le code. Le 
prtsent article dCcrit une Ctude rCcente qui a etC entreprise afin de determiner la convenance de la valeur recomrnandte 
pour le facteur de combinaison de charges. L'Ctude comprend une analyse numtrique dans laquelle des chargements dus 
B la houle seule, B un iceberg seul et B une combinaison des deux ont CtC calculCs pour tout un eventail de parametres 
de houle et d'iceberg. Ces rCsultats ont Ctts appliquCs a une analyse de fiabiliti du premier ordre afin dlCtudier les 
niveaux de forces correspondants B une probabilitC annuelle de ou au debut du glissement global avec une 
probabilitt de L'article fait ainsi des recommandations pour des facteurs de cornbinaison de charges applicables au 
cas de chargements combinis houle-iceberg. 

Mots elks : hydrodynamique, icebergs, technologie marine, structures offshore, forces de la houle, houles. 
[Traduit par la rCdaction] 

Introduction has been subjected to a comprehensive verification process, 

The selection of suitable environmental loads and load events 
is of critical importance in the design of offshore structures 
intended for operation in extreme environments. Such loads 
may include those due to wind, waves, earthquakes, ice, and 
iceberg collisions. The CSA Offshore Structures Code CAN/ 
CSA-S47 1 -92(S47 1) (Canadian Standards Association 1992), 
which was finalized in early 1992 and is currently in use, 
describes the use of such loads in offshore design, and indi- 
cates the use of probabilistic methods on  which the selection 
of load events and design loads should be based. The  Code 
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and this has identified several issues which warrant further 
study. One of these is an assessment of the combined effects 
of wave and iceberg collision loading. At present, this com- 
bination is treated by the use of a load combination factor 
specified in the Code. The present paper describes a recent 
study which was undertaken to determine the appropriateness 
of the current recommendations. 

Wave-structure interactions (in the absence of  icebergs) 
has been studied extensively (e.g., Sarpkaya and  Isaacson 
1981). In the case of large offshore structures, linear diffrac- 
tion wave theory is generally used to calculate wave loads. - - 
This is based on  the assumption of potential f low theory, a 
horizontal seabed, and small amplitude waves. Structures of 
arbitrary shape are usually treated by a boundary element 
method in which the submerged surface of the structure is 
specified in discretized form. Closed-form solutions also 
exist for a number of reference configurations, the most 
widely used being the case of a vertical circular cylinder 
extending from the seabed to the free surface. 

Iceberg-structure interactions (in the absence of waves) 
have also been studied extensively, and an overview of this 
topic has been given by Cammaert and Muggeridge (1988). 
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In general, the maximum iceberg load on a structure is 
obtained by an energy balance in which the initial kinetic 
energy of the iceberg is equated to the energy dissipated 
through ice crushing up to the time the iceberg is brought 
to rest. Topics of particular interest in this regard include 
the consideration of energy dissipation through structural 
damage or ductility, and an assessment of the importance of 
size (area) effects on the ice-crushing pressure. 

Wave effects on iceberg motions and the case of waves 
and an iceberg acting simultaneously on an offshore structure 
have also been widely studied, although perhaps not to the 
same extent. Particular aspects which have been considered 
include wave-induced iceberg motions (e.g., Lever and Sen 
1987; Lever et al. 1988), iceberg interactions with semi- 
submersible rigs (e.g., Lindberg and Andersson 1987; Lever 
et al. 1990), and iceberg motions near a large structure (e.g., 
Isaacson, 1987; Isaacson and Dello-Stritto 1987). Isaacson 
(1987) considered the effect of waves on an iceberg up to the 
instant of impact with a large structure, and described a 
numerical model for evaluating iceberg drift motions in 
order to provide an assessment of wave effects on the iceberg 
velocity and effective mass at the time of impact. 

The present paper describes a numerical analysis in which 
loads due to waves alone, an iceberg alone, and an iceberg 
and waves in combination have been calculated for a range 
of iceberg and wave parameters. These results have been 
used to develop expressions for wave and iceberg loads 
which are then used in a probabilistic study of the load event. 
The probability of failure in global sliding is studied using 
the first-order reliability method (FORM), with the objective 
of deriving the load combination that leads to an annual risk 
of lop4. As a case study, the paper analyses conditions 
similar to those of the Hibernia platform to be located in the 
Grand Banks off the Newfoundland coast. This platform is 
a gravity-based reinforced concrete structure and will be 
protected from iceberg impact by a concrete cylindrical wall. 
In this study, the structure is assumed to be a vertical circular 
cylinder of radius a = 58 m located in a water depth of 
d = 8 0 m .  

Probabilistic framework 

Probabilistic analyses have previously been used in offshore 
engineering problems (e.g., Fuglem et al. 1991; Det Norske 
Veritas 1988; Maes and Jordaan 1984) and in the calibration 
of the Canadian code for offshore structures (e.g., Maes 
1986). In the present study, however, the probabilistic 
framework includes the formulation of detailed mechanical 
and hydrodynamic models for the interaction of waves and 
icebergs during a collision. Thus, in what follows, a detailed 
description is given on the approaches used to assess the 
loads due to waves alone, an iceberg alone, and waves and 
an iceberg acting in combination. 

The estimation of conditional probabilities associated with 
a load event is conducted using the program RELAN 
(RELiability ANalysis), developed at the Department of 
Civil Engineering of The University of British Columbia 
(Foschi et al. 1990). This program implements standard 
FORM and SORM algorithms (first- or second-order reliability 
methods) to calculate the probability that a "performance 
function" G of the vector of a set of random variables x is 

negative. In order to equate this result to an exceedence or 
failure probability in the present context, the function G(x) 
is written as follows: 
Case (i): To compute exceedence probability of the load 
level F ,  

Case (ii): To compute probability of global sliding, 

where, in both cases, F;(X) is the maximum force devel- 
oped on the structure due to waves, or iceberg impact, or 
waves and iceberg impact in combination, as appropriate, 
x denotes a set of specified random variables characterizing 
the structure, the iceberg, and the wave conditions, and Rnl 
is a random variable associated with model inaccuracy in the 
calculation of FM (Bea 1992). For the sliding limit state, Wn 
is the nominal or mean weight of the structure, Rn2 is a ran- 
dom variable equal to the sand friction angle, and Rn3 is a 
random variable associated with uncertainty in the estimation 
of the actual weight. In the sliding limit state, probabilities 
of failure can be obtained for different values of the nominal 
weight W,. 

In case (i) the probability of the event G < 0 corresponds 
to the probability that the maximum load FM exceeds the 
load level F. In case (ii), the probability of the event G < 0 
corresponds to the probability that FM exceeds the sliding 
capacity. RELAN is a general reliability analysis program 
which must be supplemented with a specific description of 
the limit state being analysed. Thus, three specific programs 
were developed for this study: 

WLOAD: for forces due to waves alone; 
ICELOAD: for forces due to iceberg collisions only; 
ICEWLOAD: for forces due to combination of waves and 

simultaneous iceberg collision. 
Each of these programs can be run under one of four options: 

Option 1 : to compute exceedence probability of force 
level F, assuming a rigid structure; 

Option 2: to compute exceedence probability of force 
level ~ , - t a k i n ~  into account structural ductility 
and damage; 

Option 3: to compute probability of sliding, assuming a 
rigid structure; 

Option 4: to compute probability of sliding, taking into 
account structural ductility and damage. 

In the case of an iceberg impact in the absence of waves, 
the force exceedence probability is first obtained conditional 
on the occurrence of an impact. In such a case, the programs 
allow for the estimation of the corresponding annual risk, 
denoted pa, using the hypothesis that the events (i.e., ice- 
berg impacts) follow a Poisson pulse process with a given 
mean rate of annual occurrence (events per year), denoted p. 
Thus, if the conditional exceedence probability of the event 
is p,, the annual risk is given as 

The mean rate of collision events, p, has recently received 
some attention (e.g., Fuglem et al. 1996). For the purpose 
of this work, p has been assumed to take values ranging from 
0.04 to 1.00. 
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In the case of waves alone, the force exceedence annual 
risk is directly obtained using annual maxima distributions 
for the sea state. Therefore, in this case, [3] is not used. 

In the case of an iceberg impact in the presence of waves, 
the force exceedence probability is first obtained conditional 
on the occurrence of an impact, so that once more [3] is 
needed to transform this conditional probability into the cor- 
responding annual risk. In this case, the probability distribu- 
tions for the wave parameters correspond to the sea state 
which is present at the time of impact, and are based on 
measured records of wave periods and heights at a specified 
recording interval 7, taken here as 6 h. 

In each of the three cases above, the maximum force FM 
developed during the event requires an appropriate mechanics 
model for its calculation. The following sections describe in 
turn such calculations for waves alone, an iceberg alone, and 
waves and an iceberg in combination. 

Forces due to waves alone 

An analysis is first carried out for wave loads in the absence 
of icebergs. A simple representation of the maximum annual 
distribution of wave conditions is initially required, and a 
single parameter, the peak period T, is used here. The maxi- 
mum annual wave period is assumed to obey an extreme type I 
annual probability distribution (e.g., Sarpkaya and Isaacson 
1981), such that T = 18 s corresponds to a cumulative proba- 
bility p = 0.99 (return period TR = 100 years); and T = 
15 s to p = 0.05 (TR = 1.05 years). Thus, 

where T is in seconds. The significant wave height H, (m) 
can be estimated from a formula which has been found to be 
suitable for conditions in Canadian Atlantic waters (Neu 
1982): 

From [4], this corresponds to significant heights of 16.49 m 
and 1 1.45 m for probability levels p = 0.99 and p = 0.05, 
respectively. 

The loads for regular waves may be obtained from an 
analysis based on linear diffraction theory. Results are 
obtained using a computer program WELSAS, which is 
based on three-dimensional linear diffraction theory using a 
boundary element method (e.g., Sarpkaya and Isaacson 
1981). The program involves a discretization of the sub- 
merged structure surface into quadrilateral elements, and 
employs a suitable Green's function. The pressure distribu- 
tion on the structure's surface is integrated to obtain the total 
force. Although a closed-form solution is available for a 
vertical circular cylinder (e.g., Sarpkaya and Isaacson 1981), 
this solution is simply used to verify the results of WELSAS 
for the case of waves alone, since the computer model is 
needed for the subsequent case of combined wave- iceberg 
loading. For regular waves of height H and period T, the 
force on the structure varies sinusoidally with period T, and 
thus is expressed as F cos(wt), where w = 2a /T  and F is the 
force amplitude. F is proportional to the wave height, so that 
results need only be obtained for waves of unit height. Since 
the wave forces are ultimately required for application in a 

probabilistic model, a simple expression has been fitted to 
numerical results obtained for wave periods T ranging from 
10 to 20 s. The results correspond to a water depth of 80 m, 
a water density of 1025 kg/m3, and a structure of radius 
58 m. Thus, for the case of regular waves alone, the maxi- 
mum force FM = F on the structure is thereby obtained in 
the form: 

where F is in MN and Tand H are, again, the wave period (s) 
and the wave height (m) respectively. For a wave period T 
of 18 s, with 0.01 annual exceedence probability, the signifi- 
cant wave height H, is 16.49 m and the corresponding force 
is 1268 MN. 

The loads due to random waves may be obtained as an 
extension of the case of regular waves. However, the wave 
height H is now random and obeys a Rayleigh distribution, 
the cumulative distribution of which is 

where R,, is a random variable uniformly distributed between 
0 and 1. For a particular pair of random wave height and 
period values, H and T, the corresponding force may be 
obtained from [6]. 

Force due to iceberg collision alone 

The force developed during an iceberg collision will vary 
during the process of ice crushing against the structure, since 
the area of contact is continuously changing and the crushing 
pressure exhibits a notable size effect (the greater the contact 
area, the lower the required pressure). The force is also 
influenced by the damage deformation of the structure, 
which may have been designed to allow for local damage 
when the force exceeds a certain level. Here, local damage 
is associated with the deformation or  collapse of the structure 
in the neighbourhood of the contact point with the iceberg. 
Of course it is quite difficult to derive relationships between 
applied pressure and structural damage during a situation of 
progressive collapse. The software developed for this study 
can consider the energy dissipation through local structural 
collapse, on the basis of an assumed relationship between 
applied force and the additional iceberg penetration due to 
structural damage. 

The necessary background of ice mechanics and risks to 
offshore structures have been amply discussed elsewhere 
(Sanderson 1988). The present study applies such basic con- 
cepts to the particular example under consideration here, 
similar to that of the Hibernia platform, and extends the for- 
mulation to take account of iceberg penetration due to local 
structural damage. The size effect in ice crushing pressure is 
also considered. 

Iceberg shape and size 
Of course it is very difficult to represent accurately the three- 
dimensional shape of a realistic iceberg by a mathematical 
equation. The approach adopted here follows that of Det 
Norske Veritas (1988), in which the iceberg is assumed to be 
circular in plan and ellipsoidal in elevation (Fig. l) ,  with 
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Fig. 1. Definition sketch of iceberg-structure geometry. 

horizontal (major) and vertical (minor) semiaxes R and B 
respectively. From statistical data for the Grand Banks, all 
the iceberg dimensions are expressed in terms of a single 
random variable L (m) which is represented by a Gamma 
distribution, with a mean value p~ of 121.60 m and a 
standard deviation UL of 56.70 m. Other characteristic 
dimensions of the iceberg may be expressed in terms of L. 
In particular, the horizontal semiaxis R and the iceberg 
diameter at the waterline, D, are given respectively as 

It can be shown that the vertical semiaxis B and the ice- 
berg height above the water, b, are related to the draft h 
according to 

still water 
level 

U 

J. r 
v b I/ - - 

and 

d 

respectively. 
The iceberg draft h is in turn related to L, except that ice- 

bergs capable of colliding must have a draft smaller than the 
water depth of 80 m. Thus, 

2a 
< > 

[12] h = min [ )'78 

Using the specified Gamma distribution for L, [12] is used 
to obtain a corresponding distribution of the draft h. Taking 
account of the truncation at a maximum of 80 m,  the data for 
h have been fitted with a Beta distribution with a minimum 
of 0 m and a maximum of 80 m, resulting in a mean draft 
ph of 61.35 m with a standard deviation ah of 12.38 m. 

Ice-crushing pressure 
For different penetrations x into the ice, as shown in Fig. 1, 
it is possible to compute the area of contact as the intersection 
of the ellipsoid with the cylindrical structure of radius a. 
From a knowledge of the relationship between ice-crushing 
pressure and area, the force F(x) may then be obtained by 
integration, assuming that the pressure is uniformly dis- 
tributed over the area. The impact is assumed to be head-on, 
and the contact area is computed accordingly. The possibility 
of eccentric impact is taken into account through the use of 
a modification factor, which is subsequently described. 

The pressure p required to crush the ice depends on the 
area of contact A. It is assumed that the crushing pressure p 
has a lognormal distribution, with mean pp and coefficient 
of variation Vp: 

where Rn4 has a standard normal distribution (with a mean 
of 0, and a standard deviation of 1). 

In general, the size effect for the mean pressure pp can be 
written in the form: 

Although data on iceberg ice are scarce, the scatter in avail- 
able data for ice in Arctic conditions (Blanchet 1990) is 
reasonably well represented with the following values of the 
parameters in [14]: 

p, = 2.0 MPa 

with A in m2. The value p, is a lower bound for p,. Due to 
uncertainty in ice-crushing pressure for large areas A, it may 
be more appropriate to represent p, by a suitable probability 
distribution. Instead, in the present study, p, is taken as a 
constant. It should be noted that the lower bound p, = 

2 MPa is reached at a contact area of about 20 m2, which is 
probably very quickly exceeded during a collision. The value 
of p, is not well defined from available data, and since it is 
expected to have marked influence on the loads developed 
during the collision, three specific values of p, are studied: 
2 ,  4 ,  and 6 MPa in turn. 

Force - penetration relationship 
For a given penetrationx due to ice crushing (see Fig. I), the 
force F(x) acting on the structure can be calculated from an 
integration of the crushing pressure p over the area of con- 
tact A(x): 
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Fig. 2. Iceberg collision force as a function of penetration for 
two iceberg sizes. 

Penetration (rn) 

where the angles a and $ are shown in Fig. 1, and s is the 
height of the contact area corresponding to the angle $. 
Figure 2 shows two typical force-penetration relationships, 
for L = 50 m and L = 100 m. For a relatively small iceberg 
with R < a ,  and assuming sufficient kinetic energy, the ice- 
berg could eventually disintegrate against the structure; for 
a relatively large iceberg with R > a ,  the structure would 
split the iceberg into two. However, these two situations 
represent extreme events. In general, it is found that in the 
cases of interest, the iceberg will be stopped after a few 
metres of penetration, near the beginning of the curves like 
those in Fig. 2. In fact, the force-penetration relationship 
has an infinite slope at zero penetration. However, the slope 
becomes finite very quickly and this initial effect cannot be 
distinguished when the complete curve is plotted as shown in 
Fig. 2. The relationship may thus be linearized for penetra- 
tions up to a few metres. In the present case, this lineariza- 
tion is achieved by replacing the curve with a straight line fit 
to results for penetrations up to 2 m. 

Impact velocity 
An iceberg will impact the structure with a velocity V which 
influences the magnitude of the maximum iceberg force on 
the structure. The impact velocity V is generally influenced 
by the prevailing current, wind, and waves. For simplicity, 
the impact velocity V in calm water (iceberg alone, no wind 
or waves) is taken here to be equal to the current velocity U :  

This approximation is only needed with respect to the statisti- 
cal descriptions of V and U ,  and is reasonably consistent with 
dynamic models of iceberg drift (e.g., El-Tahan et al. 1986; 
Isaacson 1988) when applied in the absence of waves and 
wind. Following data from Det Norske Veritas (1988), the 
current U is assumed to possess a lognormal distribution, 
with a mean ,uu of 0.32 m/s and a standard deviation au of 
0.27 m/s. 

Maximum force 
In calm water, the calculation of the maximum force FM is 
implemented through consideration of an energy balance. 

The iceberg will be stopped when its kinetic energy is fully 
dissipated through ice crushing and structural damage defor- 
mation. Thus, this energy balance may be expressed as 

where the iceberg mass M has been augmented by the added- 
mass coefficient Cm accounting for hydrodynamic effects. 
The right-hand side represents the summation of the two 
cross-hatched areas in Fig. 3. The first term corresponds to 
the energy dissipated through ice crushing up to a penetration 
x,, obtained from the force-penetration relationship. The 
second term corresponds to the energy dissipated through the 
local structural damage penetration xd, and is taken into 
account only when the force exceeds a minimum force F, 
required to produce damage. 

The relationship between force and damage penetration 
has been estimated on the basis of a previous structural anal- 
yses of reinforced concrete elements at ultimate load. For the 
particular ice wall considered here, the results can be repre- 
sented by a linear relationship up to a damage penetration of 
1.5 m, according to 

[19] F(x) = Fo + 1567xdRn5 (MN) 

with Fo = 610 MN. To account for the uncertainty in this 
estimate, the random variable Rn5 is introduced, and is 
assumed to possess a lognormal distribution with a mean 
of 1 and a standard deviation V p  

Given the geometry of the iceberg, its impact velocity, 
and the crushing pressure parameters, [18] can be solved 
iteratively to obtain the penetrations x, and (if damage 
occurs) xd. Once these are found, the maximum force FM is 
obtained from the force-penetration relationship. 

Eccentric collisions 
The preceding description of the force-penetration relation- 
ship and the associated maximum force on the structure is 
based on the assumption of a head-on collision, whereas in 
practice an iceberg is likely to impact the structure in an 
eccentric manner. The influence of eccentric collisions has 
been considered, for example, by Bass et al. (1985) and 
Salvalaggio and Rojansky (1986). In order to account for the 
possibility of eccentric collisions, the maximum force FM 
calculated in the manner described is multiplied by an eccen- 
tricity reduction factor K, I 1.0. Data from Salvalaggio 
and Rojansky (1986) are utilized to express K, as 

where Rn6 is a random variable with a uniform distribution 
over the range 0 to 1. Thus, K, varies from 1 for a head-on 
collision to 0 in the limit of the iceberg just making glancing 
contact with the structure. 

Added mass 
The added mass of an iceberg at impact, C,, is determined 
by solving the boundary value problem corresponding to an 
iceberg undergoing small amplitude oscillations in otherwise 
still water. A description of the calculation procedure has 
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Fig. 3. Sketch of force-displacement relations showing energy dissipated through ice crushing 
displacement x, and structural damage displacement x,. 

been given by Isaacson and Cheung (1988a, 19886). In 
general, the added mass is frequency dependent, although it 
is customary to use a single value (usually the zero frequency 
value) when treating the iceberg impact problem. The added 
mass of the iceberg depends on the submerged geometry, the 
water depth, and the submerged geometry of any neighbour- 
ing structure (and thus it is a function of the iceberg distance 
from any such structure). The zero-frequency added mass is 
estimated here for a range of iceberg parameters, both in 
open water and when in contact with the structure. However, 
for the range of iceberg sizes of interest, the added mass is 
not strongly influenced by the proximity to the structure. 
Once more, a simple expression has been derived from 
numerical results obtained over a range of conditions: 

Force due to iceberg collision and waves 

Attention is now given to a consideration of an iceberg colli- 
sion in the presence of waves. The preceding descriptions of 
iceberg shape and size, crushing pressure, and added mass 
continue to apply. However, the maximum force on the 
structure is altered, partly because the impact velocity is 
changed, partly because of the wave force which now acts on 
the structure, and partly because the wave force on the ice- 
berg influences the iceberg force on the structure. Further- 
more, the description of wave parameters must now reflect 
the sea state at the moment of collision, so that more com- 
monly occurring wave conditions should be accounted for. 
These aspects are now considered further. 

Wave parameters 
For convenience, the description of more commonly occur- 
ring wave conditions is assumed to derive from measure- 
ments based on a specified recording interval T, taken here 
as 6 h. The corresponding probability distribution of the 
wave period T can be obtained from the distribution of the 
annual maximum period, given in [4], by raising the latter to 
the power of 1/N, where N is the number of such intervals 
per year. (N = 365 x 2417, where T is in hours, so that for 
a recording interval of 6 h,  N = 1460.) However, this 
approach produces unrealistic results due to the unreliability 

of [4] at high probability exceedence levels corresponding to 
T < 15 s,  particularly in that [4] underpredicts the probabil- 
ity of relatively frequent low period (and height) wave 
events. To correct for this, the lower tail of [4] (for T < 
15 s) has been modified so  as to be more realistic for rela- 
tively frequent wave events. The modified distribution was 
taken as 

( exp [- exp(-(0.45542 x 10-3T3.6016 

- 9.0))] for T < 15 
[221 p(T)  = 

exp [- exp(-1.8991(T - 15.5777))] 

1 for T r 15 

The above distribution is identical to [4] for T 2 15 s, and 
meets continuity conditions with respect to its value and 
slope at T = 15 s. Also, the corresponding distribution of 
commonly occurring waves (obtained by raising [22] to the 
power of 1/N) provides a small but finite probability of 
encountering calm conditions ( T  + 0 s) for part of the year. 
The value of 9.0 in [22] was selected in a somewhat arbitrary 
manner so as to result in a mean wave period of about T = 
10 s for commonly occurring waves, and a probability of 
0.5 % of encountering calm water during any single measure- 
ment. The sensitivity of the results to the choice of this value 
was investigated, and was found to be negligible for values 
in the range 8.5 to 10.0, which is considered to be a maxi- 
mum probable range (for example, for 8.5, the probability 
of encountering calm water is already 3.5%). 

Impact velocity 
Although data for the open water drift velocity of icebergs 
are generally available, the iceberg's velocity may differ 
from such data when storm waves are present and when it 
approaches the structure. First, the waves give rise to a wave 
drift force which causes an increase in the iceberg velocity. 
This is likely not adequately accounted for in iceberg drift 
data, since such data generally pertain to commonly occur- 
ring wave conditions, whereas design waves with a return 
period of the order of 100 years are of interest here. Second, 
since the wave drift force and iceberg added mass vary with 
distance from the structure, the iceberg velocity may be 
further modified through its equations of  motion as it 
approaches the structure. Overall, it is expected that the 
impact velocity V depends on the current velocity U ,  the ice- 
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berg dimensions (characterized by its waterline diameter D 
and draft h), and the prevailing wave conditions character- 
ized by H, or T. 

A simple formulation for the iceberg impact velocity V 
may be developed by taking V to be proportional to the ice- 
berg drift velocity in open water, denoted Vo, and adopting 
a suitable expression for the latter. Following Isaacson 
(1988), an expression for Vo may be developed by equating 
the wave drift force to the current drag, taking the wave drift 
force coefficient to be proportional to DIL (see Isaacson 
1988), where L is the wavelength, and using [5] to relate 
wave height and wave period. The above approach gives rise 
to the following expression for the impact velocity V: 

where a is a constant and g is the gravitational constant. 
The value of the constant a has been estimated by examin- 

ing previous results and data for the open water velocity Vo 
(e.g., Lever and Sen 1987) in the context of [23]; and using 
a numerical model to relate the impact velocity V to the open 
water velocity Vo. Thus, a wave diffraction-radiation anal- 
ysis has been carried out for a series of conditions cor- 
responding to the iceberg approaching the structure, using an 
extension to the computer program WELSAS. This provides 
solutions to the two-body diffraction-radiation problem of 
a floating iceberg approaching a fixed structure, as well as 
to the iceberg's equations of motion, and has been described 
by Isaacson (1987). For each such condition, the submerged 
surfaces of the structure and iceberg are discretized into a 
number of quadrilateral facets for a boundary element 
method analysis, in order to obtain the trajectory of the ice- 
berg and the impact velocity V.  

Overall, the foregoing procedure has indicated that 1231 
should be suitable for the conditions of interest here with the 
constant in [23], a ,  taken as 0.003. It turns out that, for 
extreme storm conditions, [23] predicts impact velocities 
which may be more than twice that of the current velocity. 

Maximum force 
The calculation of the maximum force FM on the structure 
requires a search for the maximum combination of the ice- 
berg force on the structure, F(x), and the wave force on the 
structure, F$) (see Fig. 4), from the instant of initial impact, 
t = 0 ,  until the iceberg is stopped, t = to, bearing in mind 
that at maximum penetration the wave force F$) may not be 
at its peak. That is, 

[24] FM = max { ~ ( x )  + FC)} for 0 5 t 5 to 

In the presence of waves, the iceberg force on the structure, 
F(x), is itself influenced in part by the wave force on the ice- 
berg, F:), and thus the calculation of F(x) is carried out by 
a direct integration of the equation of motion of the iceberg, 
rather than by a simple energy balance as in [18]. Thus, 
Fig. 4 shows the iceberg of mass M under the force F(x), due 
to ice crushing, and the wave force F:), and the dynamic 
equilibrium of the iceberg gives rise to the following equa- 
tion of motion for the iceberg: 

Fig. 4. Sketch of dynamic equilibrium of the iceberg and wave 
and iceberg forces on the structure. 

with initial conditions x = 0 and i = Vat t = 0 ,  and an over- 
dot denoting a derivative with respect to time. The force F$ 
of the waves on the iceberg is expressed as 

V - - 

where o = 27rlT is the angular frequency, and the phase 
angle E varies between 0 and 27r. 

The wave force amplitude F,*(') has been calculated for a 
range of iceberg and wave parameters using an extension 
to the computer program WELSAS. The combined sub- 
merged surface of the iceberg in contact with the structure 
is discretized into a number of quadrilateral facets, and the 
magnitudes and phases of forces acting on the iceberg and 
structure are each computed by suitable integrations of the 
hydrodynamic pressure acting on the combined configura- 
tion. Since this approach in effect treats the iceberg and 
structure as a single contiguous body, rather than as two 
bodies in close proximity, no particular numerical difficulties 
are encountered. The numerical results are expressed as 
follows: 

iceberg) 

---I 

where F,*(') is in MN, H (m) is the wave height, and the 
force coefficient c$) is given by 

F 

F:;) 

The wavelength X may be obtained in terms of the wave 
period T on the basis of the linear dispersion relationship. 
First, the relative depth parameter kd, where k (= 27rlX) is 
the wave number, is obtained by an iterative solution of the 
following equation: 

where g is the gravitational constant (= 9.81 mls2). The 
wavelength X is then obtained directly from the wave number 
(since, by definition, X = 27rlk). 

As already indicated in Fig. 2,  the iceberg force on the 
structure, F(x), is a nonlinear function of x. However, the 
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iceberg will be stopped at values of x for which the function 
F(x) can be linearized as follows: 

[30] F(x) = Kx 

where K is the initial slope of the force-penetration relation- 
ship. With this linearization of the force F(x), the equation 
of motion, [25], can readily be integrated in closed form. Of 
particular interest is the time to at which the velocity 1 first 
vanishes (iceberg stopped), and the corresponding maximum 
penetration. The maximum iceberg force on the structure is 
obtained from the force-penetration relationship up to the 
point of maximum penetration. 

The force due to waves acting on the structure itself is also 
required (see Fig. 4). This force must reflect, however, the 
presence of the iceberg. This force, F$), is calculated as 
described earlier by treating the wave diffraction problem for 
the combined submerged surface of the iceberg in contact 
with the structure, with only a pressure integration over the 
structure surface used to provide the wave force on the struc- 
ture. The corresponding numerical results are expressed as 

where F$) is in MN, 4 is the phase angle between the wave 
force on the iceberg and the corres onding wave force on the 

$) structure. The force coefficient C, is obtained in the form: 

where the coefficients a l ,  a2,  and a,  are functions of the 
draft h and the waterline diameter D: 

The phase angle 4 between the forces F:) and F$) is also 
required, and has been calculated as 

where the coefficients a4 and a,  depend on the iceberg's 
waterline diameter D: 

Given the oscillatory character of the wave force on the 
iceberg, F:), this force sometimes pushes the ice mass for- 
wards and sometimes backwards. The phase angle E ,  which 
controls the effect of this force at time t = 0 (i.e., at the 

beginning of the collision), therefore has a substantial impor- 
tance in the calculation of the exceedence probability. The 
FORM calculations are done conditional on specific values 
of the phase angle E ,  with the total exceedence probability 
then calculated by integration over all phase angles from 
0 to 2 ~ .  The integration is facilitated by the simple probabil- 
ity density function of the uniform distribution for E ,  using 
a Gaussian scheme with five integration points. 

Modifications to the probability 
distributions for U and L 

The statistics for U and L correspond to all icebergs in open 
water. However, these differ from the corresponding statis- 
tics for impacting icebergs, since an iceberg's speed and size 
influence its probability of collision with the structure. 
Sanderson (1988) has investigated this difference (see also 
Maes and Jordaan 1984) and has shown that the speed and 
size probability distributions for colliding icebergs can be 
obtained as modifications of the corresponding distributions 
of all icebergs in open water. An application of Bayes' 
theorem enables the expressions of the modified probability 
density functions for U and L to be given as follows: 

where f (U) and f (L) are the corresponding open water prob- 
ability density functions, and and c a r e  the corresponding 
mean values. It is seen that [36] and [37] skew the original 
distributions so as to increase the chances of collision of 
bigger and faster icebergs. 

Comparison between FORM results and 
Monte Carlo simulations 

It is useful to compare the accuracy of the FORM results 
against those of straightforward Monte Carlo simulations. 
Figure 5 shows the exceedence probabilities associated with 
different load levels F, obtained using FORM and Monte 
Carlo simulation, when only iceberg collisions are consid- 
ered (waves absent) and neither structural damage nor the 
modifications of [20], [36], and [37] are included. For this 
comparison, po = 2 MPa and V, = 0.5. The model error 
variable R,, is assumed normally distributed, with a mean 
of 1 and a standard deviation of 0.15. At 500 MN, the design 
point includes a velocity V = 0.55 mls and an iceberg of 
dimensions L = 143.0 m and h = 67.9 m. From higher to 
lower, the sensitivity of the results to variable uncertainty is 
ordered as follows: V,  L, h,  ice crushing variable R,,, and 
model uncertainty R,,. It is apparent from Fig. 5 that 
FORM produces excellent results in comparison to simulation. 
FORM also results in very efficient and fast calculations 
(0.5 s per load level using a 486 PC at 33 MHz). 

Figure 6 shows a comparison, at low exceedence proba- 
bilities, of maximum forces with or without structural damage. 
It appears that structural damage introduces only small 
changes, reducing the probability for a given load level. This 
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Fig. 5. Comparison between FORM and Monte Carlo 
simulations for iceberg impact force. 

Fig. 7. Influence of shifted distributions for U and L on iceberg 
collision force cumulative distribution function. 

1 .ooo 

0.900 1 
....... No damage, shifted distributions 

n - No damage 

- FORM . Simulation 

Fig. 6. Influence of structural damage on iceberg collision force 
cumulative distribution function. 

0.010 . 
Table 1. Summary of random variables and their statistics. 

Variable Distribution Characteristics 

Iceberg length, L 

Iceberg draft, h 

Gamma p = 121.60 m 
a = 56.70 m 

Beta p = 61.35 m 
a = 12.38 m 
min = 0.00 m 
max = 80.00 m 

Lognormal jl = 0.32 mls 
a = 0.27 rnls 

Extreme type I p = 15.89 s 
a = 0.67 s 

Normal jl = 1.0 
a = (input) 

Normal p = 35.0' 
a = 7.0" 

Normal p = 1.0 
a = (input) 

0.008 - No damage 
........... With damage 

2 0.007 
A , 0.006 
V 

Current velocity, U 

Wave period, T (annual 
maximum) 

R,,, associated with model 
uncertainty 

R,,, sand friction angle 

R,,, associated with 
uncertainty in structure 
weight W 

R,, associated with 
ice-crushing pressure p 

R,,, associated with slope 
of load - damage 
deformation relationship 

R,,, associated with 
collision eccentricity 

R,,, associated with 
Rayleigh distribution for 
wave height H 

implies that the cumulative distribution function of maximum 
load is mostly controlled by energy dissipation through ice 
crushing. Using a Poisson arrival process with a mean rate 
of 0.08 collisions/year, the 100-year iceberg corresponds to 
an event exceedence probability of 0.126. On this basis, the 
100-year iceberg force is estimated at 381 MN, a level that 
is not influenced by consideration of damage, given the 
threshold force F, = 610 MN (see [19]). 

Finally, Fig. 7 shows the substantial effect of the correc- 
tions arising from [36] and [37]. The shift to faster and larger 
icebergs implies large changes to the cumulative distribution 
function, emphasizing the importance of correctly modelling 
collision probability. In this case, the corresponding 100-year 
iceberg force becomes 717 MN. 

Normal p = 0.0 
a = 1.0 

Lognormal p = 1.0 
a = (input) 

Uniform min = 0.0 
max = 1.0 

Uniform min = 0.0 
max = 1.0 

Table 2. Maximum wave force F, for annual 
exceedence probabilities of lo-, and 

Results - -  - -  - 

Annual exceedence Maximum wave 
probability force FM (MN) 

Table 1 shows a summary of the statistical parameters that 
have been used for the various specified random variables, 
except that the parameters for the iceberg draft h are deter- 
mined by those of L. In order to verify the load combination 
factors specified in the Code, it is necessary to use these 
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Table 3. Maximum iceberg force FM for annual exceedence probabilities of and and 
various values of iceberg arrival rate p and ice-crushing pressure threshold p,. 

Annual Iceberg arrival u, L Maximum iceberg force FM (MN) 
exceedence rate p distribution 
probability (collisionslyear) modification p, = 2 MPa p, = 4 MPa p, = 6 MPa 

No 
No 
No 
No 
Yes 

No 
No 
No 
No 
Yes 

parameters to obtain the wave loads for an annual exceedence 
level of lop2 and both the iceberg alone and the iceberg plus 
waves loads at an annual exceedence level of lop4. 

The program WLOAD was first run to obtain the forces 
for waves alone at annual exceedence probabilities of loe2 
and lop4 and the corresponding results are shown in Table 2. 
Although the load at the latter probability level is not needed 
for the combination event, it is included for completeness. It 
turns out that the force of 1496 MN shown for an annual 
exceedence probability of is associated with an indi- 
vidual wave height H of 19.2 m occurring during a sea state 
with a wave period Tof 16.4 s, and a significant wave height 
H, of 13.7 m. This sea state itself has a return period of 
about 5.5 years. This emphasizes that the traditional approach 
of selecting a sea state (significant wave height) with the 
required exceedence probability, and then selecting the 
expected maximum individual wave height within that sea 
state, may be unduly conservative. 

The program ICELOAD was run to obtain the forces for 
iceberg collision alone at exceedence probabilities of 
and lop4 and the corresponding results are shown in Table 3. 
Although the first is not required for the combination event, 
it is included here in order to provide data for prospective 
comparisons with other work in this field and for calculations 
regarding serviceability and section strength limit strengths. 
Table 3 indicates the influence of the annual exceedence 
probability, the iceberg arrival rate p,  the modifications to 
the U and L distributions as described in [36] and [37], and 
the ice crushing pressure threshold p,. The table indicates 
that the iceberg collision forces are strongly dependent on all 
four of these factors. In particular, it is apparent that the 
modifications to the distributions for U and L have a marked 
effect on the collision forces, and must be taken into account 
when the goal is to estimate the level of those forces for 
design. 

Finally, the program ICEWLOAD was run to obtain the 
total force on the structure as a result of an iceberg collision 
in the presence of waves, and the corresponding results are 
shown in Table 4. The annual exceedence probability was set 
at lop4, as required by the Code. Once more, the table indi- 
cates the influence of the iceberg arrival rate p,  the modifica- 
tions to the U and L distributions as described in [36] and 

[37], and the ice crushing pressure threshold p,. Once 
more, as in the case of an iceberg collision alone, all these 
factors have a marked influence on the maximum combined 
load. The results given in Table 4 were all obtained for a 
wave measurement recording interval r of 6 h, correspond- 
ing to N = 1460. In fact, the use of different values of 
recording interval r was examined, and r was found not to 
affect the results noticeably. 

The above results can be extended to determine the struc- 
tural weight W that would result in an annual risk level of 
lop4 if a deterministic sand friction angle is specified. For 
example, for a friction angle of 35", this weight would be 
W = Fltan 35" = 1.428F, where F denotes a suitable force 
entry in Table 4. 

Load combination factors 

The load combination factor y is used in the CSA code to 
determine a design value for the load due to a companion fre- 
quent environmental process (waves) acting in combination 
with a rare environmental event (iceberg collision). The load 
combination factor y is defined in the Code by 

where E is the combined load with an annual exceedence 
probability of lop4, E, is the iceberg alone load with an 
annual exceedence probability of and Ef is the wave 
load with an annual exceedence probability of lop2. Thus 
the factor y aims to achieve a combined wave-iceberg load 
with an annual risk of just as the iceberg alone load 
would be required to the same annual risk of if waves 
were not present. 

The CSA code recommends y = 0.8 for stochastically 
dependent events or processes and y = 0.4 for stochastically 
independent events or processes, and that iceberg impact and 
waves should be considered stochastically independent (i.e., 
y = 0.4). 

Values of y can be calculated from the results given in 
Tables 2-4, and are shown in Table 5. Although the actual 
loads are substantially influenced by the iceberg arrival rate, 
the ice crushing pressure thresholdp,, and the application of 
the distribution modifications [36] and [37], the results in 
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Table 4. Maximum combined wave-iceberg force FM for an annual exceedence 
probability of and various values of iceberg arrival rate p and ice-crushing 
pressure threshold p,. 

Maximum combined wave - iceberg load FM 
Iceberg arrival u, L 

rate p distribution 
(MN) 

(collisions/year) modification p,  = 2 MPa p, = 4 MPa p, = 6 MPa 

0.04 No 2305 3120 3797 
0.08 No 2592 3604 4394 
0.20 No 3088 433 1 5287 
1 .OO No 4175 5880 7189 
0.08 Yes 4220 5952 728 1 

Table 5. Load combination factor y for an annual exceedence probability of 
and various values of iceberg arrival rate p and ice-crushing pressure threshold p,. 

-- 

Load combination factor y 
Iceberg arrival rate p Distribution 

(collisions/year) modification p, = 2 MPa p, = 4 MPa p, = 6 MPa 

0.04 No 0.47 0.56 0.67 
0.08 No 0.44 0.58 0.69 
0.20 No 0.44 0.59 0.7 1 
1 .OO No 0.46 0.62 0.74 
0.08 Yes 0.42 0.57 0.68 

Table 5 suggest that the load combination factor itself is 
much more stable, and essentially only exhibits an effect of 
p,. Since the iceberg collision force is interrelated with the 
effect of the waves, the combined event should be classified 
as dependent. However, the corresponding load combination 
factor of 0.80 is on the conservative side, with the actual 
value depending on the assumed level of p,. The value of 
0.40 given in the Code is reasonably consistent with a low 
value of p, = 2 MPa, but y should be increased to approxi- 
mately 0.60 and 0.70 for p, = 4 MPa and 6 MPa respec- 
tively. 

recommend suitable load combination factors for combined 
iceberg -wave loads on large offshore structures. At present, 
the CSA code recommends that iceberg impact and waves 
should be considered stochastically independent, with a load 
combination factor y of 0.4. The present study suggests that 
iceberg impact and waves should instead be considered sto- 
chastically dependent, but that for the particular structure 
and water depth considered, the value of y should be depend- 
ent on the ice crushing pressure threshold p,. Thus, further 
experimental research relating to ice-crushing behaviour for 
large contact areas is required. On the other hand, the load 
combination factor of about 0.8 for dependent events can be 

Conclusions safely applied for a range of p,, iceberg arrival rates, and 
whether or not the distributions for U and L are modified for 

The analysis of loads due to an iceberg collision during a colliding icebergs. Although not shown, this work also con- 
storm is presented. Mechanics models have been developed sidered the load factors corresponding to an 
to provide forces on an offshore structure due to (i) waves annual iisk level of 10-5, with wave loads at 10-2 and ice- 
alone, (ii) an iceberg alone, and (iii) the combination of berg loads at 10-5, with similar results. 
waves with an iceberg. These have been combined with a " 
reliability model in order to develop forces corresponding to 
specified risk levels. 

The maximum combined load on the structure is associ- 
ated with a number of factors. There is a significant increase 
of iceberg impact velocity due to the presence of waves. The 
presence of an iceberg considerably influences the wave field 
around the structure, and thus influences the wave force on 
the structure. Likewise, the presence of the structure 
influences the wave force on the iceberg, which in turn influ- 
ences the iceberg force on the structure. The maximum 
combined force on the structure occurs at some instant 
between initial impact and the iceberg stopping, and must be 
determined. 

One objective of this study has been to examine and 
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List of symbols 

iceberg contact area with structure 
structure radius (see Fig. 1) 
iceberg vertical (minor) semiaxis (see Fig. 1) 
force coefficient 
added mass coefficient 
iceberg waterline diameter (see Fig. 1) 
still water depth 
combined load with an annual exceedence of 
wave load with an annual exceedence of 
iceberg alone load with an annual exceedence of 
force 

F(x) iceberg force on structure 
F maximum force on structure 
F, minimum force for structural damage (see [19]) 
F(') wave force on iceberg 
F) wave force on structure 
G performance function (see [I] and [2]) 
g gravitational constant 
H wave height 
H, significant wave height 
h iceberg draft (see Fig. 1) 
K initial slope of force -penetration curve 
k wave number (= 2i~lX) 

eccentricity reduction factor 
characteristic iceberg length 
iceberg mass 
number of wave measurements per year 
iceberg crushing pressure; cumulative probability 
annual risk 
conditional exceedence probability 
ice crushing pressure threshold (see [14]) 
iceberg horizontal (major) semiaxis (see Fig. 1) 
random variable (see Table 1) 
wave period 
return period 
time 
time at which iceberg is stopped 
current magnitude 
iceberg impact velocity 
iceberg penetration (see Fig. 3) 
iceberg penetration due to crushing 
iceberg penetration due to structural damage 
constant in impact velocity formulation (see [23]) 
load combination factor (see [38]) 
phase angle (see [26]) 
wavelength 
mean; mean rate of annual occurrence; iceberg arrival 
rate 

a standard deviation 
7 recording interval of wave measurements 

phase angle between F:) and F$) (see [31]) 
w wave angular frequency (= 27rIT) 
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