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ABSTRACT

This report is an executive summary of the two preceding projects, i.e., NORD ST20

2019/313 and NORD ST19. The overarching processes from modelling the glacial ice

conditions, to calculating the glacial ice action and to assessing the structural damage were

summarised in forms of:

existing knowledge,

modelling approaches,

the design philosophy,

and involved major physical process.

Efforts were made to construct the framework to allocate the knowledge accumulated in

previous projects within and in line with existing standards. In addition, detailed

recommendations in forms of suggested practices and formulations are supplied in the

annexes.
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1 Background

This report is written by ArclSo AS for the Petroleum Safety Authority (PSA) as an executive summary
of the two projects, i.e., NORD ST20 2019/313 (Lu et al., 2019) and NORD ST19 (Lu et al., 2018). To
achieve the best application of the learnings, the larger context of existing standards is taken into

account while formulating this executive summary report.



2 Terminology

2.1 Terms and definitions

2.1.1 Glacial ice features
Glacial ice features are all types of glacial or shelf ice features that have broken (calved) away from its
source

2.1.2 Icebergs
Same definition as in 1S019906 (2019) is adopted. Iceberg is defined as glacial or shelf ice with
maximum sail height greater than 5 m that has broken (calved) away from its source.

2.1.3 Glacialice / Ice

In this report, the terms ‘glacial ice’ and ‘ice’ are used interchangeably. The term ‘ice’ in the current
report’s context refers specifically to glacial ice features. Derived terminologies ice conditions, ice
actions, ice deformation, ice impacts correspond to glacial ice conditions, glacial ice actions, glacial ice
deformation, and glacial ice features’ impact respectively.

2.1.4 Global and local ice drift model

The global and local model both deal with the drift of glacial ice features under the action of wind,
wave and current, and under both thermal and mechanical erosions. These two modelling processes
differ mainly in the modelling scale, resolutions and the main results they are producing. The global
model considers, for example, the entire Barents Sea and calculates the number (and global
geometries) of glacial ice features entering a local domain (e.g., 100 km by 100 km) to be modelled by
the local model. The local model additionally considers the structure size within the local domain and
produce the local probability of collision. A joint result of these two models is the encounter frequency
of a given structure with glacial ice features.

2.1.5 |Ice crushing failure
Ice crushing failure is ice under compressive loading is broken into a granular material containing very
small ice particles

2.1.6 Ice deformation

Ice deformation is used to characterise ice deformation and fragmentation processes during ice impact
with an installation. It is measured in terms of the distance between the undeformed contact point
between the structure and the ice until the largest ice crushing depth along the impact direction.

2.1.7 Kinetic energy

The kinetic energy of a glacial ice feature relative to an installation. The kinetic energy is calculated
from the mass and added mass of the glacial ice feature and the relative velocity between the ice and
the installation.

2.1.8 Impact energy

The impact energy is a portion of the kinetic energy that must be dissipated as deformation (strain
energy) in the ice and the installation at impact. It is calculated based on momentum and energy
conservation during the impact between the ice and the installation.

In agreement with 1SO19906 (2019), the following definitions apply:

“shall" indicates a requirement; "should" indicates a recommendation; "may" is used to indicate that
something is permitted; "can" is used to indicate that something is possible, for example, that an
organisation or individual is able to do something.



2.2 Abbreviations

2.2.1 ULS Ultimate Limit State
2.2.2 ALS Accidental Limit State
2.2.3 ICEBASE

Sea Ice Investigations in the Barents Sea

2.2.4 P-Acurve
Process pressure-area curve, where the pressure is an average pressure over the nominal projected
contact area A

2.2.5 (NL)FEM
(Nonlinear) Finite Element Method

2.2.6 MBD
Multi-body dynamics

2.2.7 ALE
Arbitrary Lagrangian and Eulerian formulation in FEM



3 Glacial Ice Conditions

3.1 General
Glacial ice conditions shall be quantified (from measurements or numerical simulations) preceding
any calculations of ice actions and any assessment of structural damage. This includes:

Statistical distributions of the mass and main dimensions (length, width, height) of glacial ice
features in the area of interest.

Areal density of glacial ice features in the area of interest.

Mechanical and physical properties of the glacial ice in the area.

Probability of glacial ice intrusions into the area of interest.

Statistical distributions of glacial ice features’ mean drift velocity and the residence time of
these features within the area of interest.

The annual glacial ice encounter frequency with the installation in consideration.

Note that the above conditions are correlated and site-specific.

3.2 Glacial ice in the Barents Sea

3.2.1 Source

The dominant source of glacial ice features in the Barents Sea is calving from the ice cliffs of Franz
Josef Land. Most calving occurs in the late summer and autumn (June through September). The
number of glacial ice features close to the calving sources is higher in winter than in summer (Lgset et
al., 2006). Figure 1 shows the major sources of glacial ice features in the Barents Sea. The main ocean
currents are also depicted in the figure with red indicating relatively warm water, grey indicating
slightly colder water, and blue for cold Arctic water.

Figure 1. Major sources of iceberg production in the Barents Sea (orange-filled circles) and the main
ocean currents. Light and green contour lines are the isobaths at 100 and 200 m, respectively.



Table 1 provides estimates of the annual discharge rate from the major sources of glacial ice features

in the Barents Sea.

Table 1. Major iceberg calving locations and rates in the Barents Sea.

Geographical area

Calving location

Discharge rate

Data source

(km3/year)
Franz Josef Land (Eastern side) 80.5°N/62.8°E 2.64 (Kubyshkin et al., 2006)
Franz Josef Land (Western side) | 81.0°N/48.7°E 1.76 (Kubyshkin et al. 2006)
Nordaustfonna 79.6°N/27.0°E 2.7 (Dowdeswell et al., 2008)
Edgegya 77.7°N/25.0°E 0.6 (Hagen et al., 2003)
Novaya Zemlya 76.4°N/63.0°E 1.0 (Kubyshkin et al. 2006)

The percentages of the discharge rates indicated in Table 1 that would result in birth of icebergs ready
to drift into the Barents Sea is highly uncertain and currently the data available to estimate these
percentages are limited. This is one of the main sources of uncertainty when glacial ice conditions are
to be determined from numerical simulations (refer to Section 3.3.2). In lieu of accurate data, one may
use the estimates in Table 2 as input to numerical simulations for the determination of glacial ice
conditions. The numbers in Table 2 are based on AARI (2005) and Abramov (1996) and they assume
that the five major sources of glacial ice features in the Barents Sea would yield their maximum
production of icebergs simultaneously.

Table 2. Major iceberg calving locations and average iceberg production rates in the Barents Sea.

Geographical area Estimated number of icebergs released/year
Franz Josef Land (East) 76
Franz Josef Land (West) 169
Nordaustfonna 14
Edgegya 17
Novaya Zemlya 49
Total 325

3.2.2 Iceberg mapping

The first well-documented iceberg study in the Barents Sea was the multi-sensor ice data acquisition
programme ICEBASE (Sea Ice Investigations in the Barents Sea), which was funded by BP Norway, Esso
Norway and Mobil Exploration Norway. The campaign was executed during mid-winter and fall 1987,
and the main purpose was to obtain comprehensive information about sea ice and icebergs in the
Barents Sea (Lgset and Carstens, 1996). The specific elements of the acquisition programme were
precision stereo aerial photography, helicopter-borne impulse radar, satellite imagery, airborne
synthetic aperture radar and three ground truthing field campaigns. Important findings from the
ICEBASE acquisition programme are summarised below:



The global geometry of an iceberg can be characterised by a shape factor (Speri) and a sail volume shape
factor (Ssqi), expressed in Egs. (1) and (2) respectively.

4A
S i = = (1)

where A is the cross—sectional area at the waterline plane and p is the perimeter at the waterline. It
is worth noticing that Sy.ri = 1 for a circle, 0.785 for a square and decreases for elongated shapes.

V.
S = sail 2
sail H L Wmax ( )

max~— max

where Vi is the above sea level volume, Hmax the maximum sail height, Lnox the maximum length. The
maximum width (Wpmex) of an iceberg is measured perpendicular to Lmax.

The maximum height Hmex and length Lyq of the icebergs are fitted to a 3-parameter Weibull
probability distribution given by:

)= g[%} exp{—(xij} 3)

Where x(> &) is the statistical variable, £ the location parameter, € > 0 the scale parameter and

y>0 the shape parameter. The corresponding cumulative function is given by:

X—& 4
; ” @)

The location-, scale- and shape parameters of the Weibull distribution are shown in Table 3.

F(x)=l—exp{—(

Table 3. Estimator values for the Weibull parameters (Lgset and Carstens, 1996).

Parameter | Location, & Scale, 6 Shape, 7
Himax 4.5 13.0 1.45
Linax 44.9 74.4 0.83

ICEBASE became a model for its successor, the Ice Data Acquisition Programme (IDAP). IDAP was
conducted by the OKN (“Operator Committee North of 62°N”) over a five-year period from 1988-1992
(Spring et al., 1993, Spring, 1994). The data from the IDAP acquisition programme provided average
iceberg size characteristics of 91 mx64 mx15 m for the length, width and sail height, respectively. The
iceberg length and width distributions from IDAP are typically used as input data for iceberg drift
models in the Barents Sea (Hansen et al., 2019, Keghouche et al., 2010). However, the locations of the
icebergs observed during the IDAP campaign were generally not close to any of the iceberg-producing
glaciers. Moreover, it may be questionable that the distribution derived from the IDAP data would be
valid at different sources. Table 4 shows the parameters of the Weibull distribution of iceberg length
based on the IDAP data. The table shows also the relationships between the main dimensions of
icebergs that are often used in the numerical simulations of iceberg conditions.
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Table 4. Typical input parameters for the birth of glacial ice features.

Iceberg parameters Input value Data source

Weibull distribution

Length L; Location Scale Shape IDAP
30.1 64.97 1.15
Width Wi | W;=0.7-L;-exp(—0.00062 - L;) | (Dezecot and Eik, 2015)

Total height (sail + keel) | H; H; =0.3-L;-exp(—0.00062 - L;) (Dezecot and Eik, 2015)

Mass M M; =H; - Li-W; - p; -

3.2.3 Physical properties

Glacier ice develops from successive snowfalls of pure freshwater snow which compresses under its
own weight until they become solid ice. The initial density of freshly precipitated snow is about 400
kg/m?3, but the density (p;) increases with depth and overburden pressure, reaching about 600 kg/m?,
at depth 10 m below surface (Sanderson, 1988). At depth 50 m the density reaches about 820 kg/m?3.

The ice temperature in the central region of an iceberg is almost unaffected by the thermal conditions
imposed on its boundary owing to the insulation quality of the ice. When correlated with glacioclimatic
conditions, this temperature conservation at a minimum 12 m distance from the iceberg boundary
may be used to backtrack an iceberg to its parent ice cliff (Lgset, 1993).

The strength of iceberg ice has been measured in just a few occasions in the Barents Sea with mostly
uniaxial compression tests at a strain rate of 1035, The IDAP laboratory testing from 1988 provided
a mean value for compressive strength of 5.4 MPa and a range from 2.3 MPa to 7.3 MPa for 16 tests
at -10°C (Spring et al., 1993). Additional data, taken in 1990, had a mean of 2.3 MPa and a range from
1.6 MPa to 3.8 MPa for 7 tests at -4°C.

Table 5 shows results from an in-situ test from a small pinnacle iceberg (about 40 m across and 7 m
sail height) located at about 77°N, 29°E North-East of Hopen in May 2009 (UNIS, 2009). The ice
temperature was high, and the tests yielded an average strength of 2.8 MPa. For larger icebergs in a
melting stage, Lgset (1993) has shown that the iceberg temperature at about 2.5-3 m inward from the
ice surface will reflect the core temperature of the iceberg. This means that colder ice can be expected
further into the ice which again increases the strength of the iceberg ice and may switch the failure
mode from ductile to brittle failure of the ice. This information is relevant to studies of impacts
between glacial ice features and structures.

However, it is still an open question on how to relate the in-situ compressive strength to an
appropriate ice material model. In most practical applications, the numerical ice material model is
often calibrated against the process pressure-area (P-A) curves or the force-area relationship
described in Annex B .5.5.2.
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Table 5. Strain rate 103s%, Uniaxial compressive strength.

Depth from the top | Temperature (°C) | Uniaxial compressive
iceberg surface (cm) strength (MPa)
23-49 -2.1
131-169 -1.9 1.2
169-189 -3.3 2.3
189-210 -1.4 5.5
210-240 -1.3 4.1
292-325 -3.5 1.0

3.3 Glacial ice probability of intrusions and encounter frequency

3.3.1 Arcticiceberg atlas

The Atlas of Arctic Icebergs (Abramov, 1996) provides contour lines of annual probability of occurrence
of icebergs in the Arctic seas. The Atlas is usually helpful for early evaluation of iceberg presence. The
main bulk of the Atlas data are from aerial surveys (around 96% of the iceberg data were obtained
from ice reconnaissance flights; around 4% from shipboard observations; and less than 0.1% were
obtained by other means, e.g., observations at coastal polar stations, satellite observations). Different
Arctic seas had different duration of iceberg observations and the longest history of observations was
in the Barents Sea.

The Abramov Atlas provides charts of iceberg annual occurrence probability. In order to develop these
charts, the Atlas assumes uniform distribution of icebergs within the region of observation and
expands the estimate of the frequency of icebergs along the flight route into 100 x 100 km cells. By
sorting the observations in each cell per month and accumulating the observations over years, the
Atlas provides charts for monthly and annual occurrence probabilities. The Atlas calculates the
probability of iceberg occurrence as:

_100m
n

P (5)
where P is the probability of iceberg occurrence (%), m is the number of years where icebergs occurred
in the given cell in the given period of time, and n is the total number of years of observations for the
given cell in the given period of time. Figure 2 shows the chart of annual probability of occurrence of
icebergs as presented in the Atlas.

12
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Figure 2. Annual probability of occurrence of icebergs, from The Atlas of Arctic Icebergs (Abramov,
1996).

Note that that the Abramov Atlas will most likely underestimate the annual probability of occurrence
of icebergs in the Western part of the Barents Sea. The Abramov Atlas does not give any indication
about the frequency of scouting missions in this area and it can be only concluded that they were not
very frequent.

3.3.2 Numerical simulations of annual glacial ice encounter frequency

Field mapping/measurements should always be favoured when deriving a credible annual glacial ice
encounter frequency E,, by the structure of interest at a specific site. However, such full-scale data
are often scarce and limited. Therefore, statistical information of the geometry, drift velocity and
encounter frequencies of glacial ice may alternatively be obtained by simulating the global and local
drift.

The simulation model should include the dominant sources (see Section 3.2.1) of drifting glacial ice
features in the Barents Sea that are of relevance to the site being developed. The annual iceberg
production rates from these sources can be estimated based on theoretical calculations of
precipitation rates and adjusted based on observations/experience from the region (e.g., see Table 2).

In the numerical simulation model, the glacial ice features can be released randomly in time and space
applying uniform probability distributions. The releases should take place from July 15t until November
30" and be distributed randomly in polygonal areas along the sources. The geometrical form and the
thermomechanical properties of the released icebergs may be derived based on statistical data from
the ICEBASE and IDAP measurement programmes (e.g., refer to Table 4).

The simulation model should include a global and a local model. For the global iceberg drift model,
environmental forces such as wind force, current force, Coriolis force, mean wave drift force, and
potential neighbouring sea ice forces should be included. Along the drift path, glacial ice deterioration

13



due to wave and thermal erosions should be accounted for; many small glacial features will not survive
a drift further south. The results of the global model should be processed to create contour lines on a
map of the Barents Sea showing the annual probability of occurrence of icebergs in a local domain of
e.g., 100 x 100 km. More information on the global modelling can be found in Annex A .2.

Given the mass/size distribution of the icebergs that are predicted to enter the local domain of 100 x
100 km from simulations with the global model, more detailed simulations with a local model that
takes into account the installation’s size (e.g., 100 x 100 m) shall be performed. More information of
the local modelling can be found in Annex A .3.

The global and local model together yield information on the encounter frequency E,, the size/mass
and geometry distribution, and the mean drift velocity ¥, of the glacial ice features impacting the

installation.
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4 Glacial Ice Actions

4.1 General

A probabilistic approach should be applied in order to identify actions corresponding to 107
exceedance probability level (see Eq. (7)). In the early phase, a deterministic method may be applied,
in which extreme (e.g. mass or kinetic energy) and nominal values (e.g. compression strength) of
glacial ice features are combined to yield ULS. Further requirements and guidance are found in I1SO
19906 and in Jordaan et al. (2014) .

Abnormal ice actions corresponding to certain exceedance probability level (see Eq. (8)) shall be
characterized by the kinetic energy (mass and relative impact velocity) of the glacial ice feature and
shall be determined in a risk analysis, see NORSOK Z-013. The risk analysis shall consider both the
mean drift motion (including weathering) and the oscillatory motion of the glacial ice feature. The
effect of glacial ice feature size on the ALS impact energy shall be investigated.

When estimating actions from glacial ice features, it shall be taken into account that larger glacial ice
features are more likely to impact a structure than smaller ones and those moving faster are more
likely to encounter the structure than the slower. Reason for this is that they will swipe larger areas
and thus statistically be more likely to impact. This can be taken into account by updating parent
distributions prior to response analysis.

4.2 Mean drift motion and encounter frequency
The mean drift motion ¥V, and encounter frequency E, of glacial ice features are calculated in the

global and local models described in Section 3.3.2. In the analyses, the following information shall be
established:

- Mass/size (length and width) distribution of the potentially encountered glacial ice features.
- The mean drift velocity ¥, of the glacial ice features of varying mass/sizes.

- Encounter frequency E,, of glacial ice features of varying mass/sizes.
The modelling details are presented in Section 3.3.2 and Annex A.

4.3 Oscillatory motion and impact velocity

The wave-driven oscillatory motions of the glacial ice feature should be calculated. The oscillatory
motion is combined with the mean drift motion to trace the trajectory of a glacial ice feature. For a
given trajectory, the method developed by Fylling (1994) for ship collision and later extended by Lu
and Amdahl (2019) for glacial ice impacts can be employed to sample impact events and their
associated impact velocity distribution 7. . In the analyses, the dependence of the impact velocity

impact

on the following parameters should be established:

- Mass/size of the glacial ice features.
- Wave, wind, and current conditions.

Calculation details to establish v, (M ,waveconditions,V,) are presented and exemplified in Annex

impact
B .4.

4.4  Kinetic energy of an ice impact event
For an individual glacial ice impact action, the impact energy to be dissipated as deformation energy
in the structure and ice is a fraction of the kinetic energy E, of the incoming glacial ice feature relative

to the structure (see Eq. (6)).
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Vv 1 2
Ek ZE(M + A)(V;mpact) (6)

where, M and A are the mass and added mass of a given glacial ice feature. Vipact 1S the impact velocity,

ot
which depends upon the mean drift velocity as well as the oscillatory wave induced velocity. In Eq. (6),
the statistical distribution of M is site specific. The distribution of mass and geometry; and the
encounter frequency E, can be obtained either from credible field measurements or numerical
simulations (refer to Section 4.2). With known statistical distribution of M, A, and the derived

distribution of 1. the cumulative distribution function F,(E,) of individual ice actions can be

impact ’

established through Eq. (6).

4.5 Probabilistic approach for ice events analysis

In accordance to 1SO19906 (2019), the design kinetic energy E,f""”'g” with the corresponding
exceedance levels are presented in Egs. (7) and (8), in which, P is a probability, subscripts E refers to
ELand Arefers AL, EkZ is the annual maxima of the kinetic energy of glacial ice features’ impact events.

P(E; >E5¥)=10" (7)

P(E; > E[")=10"" (for Listructures)

,3 (8)
=10 (for L2structures)

L1 and L2 structures in Eq. (8) are determined in accordance to the process set out in ISO 19900:2013,
6.4 to characterise a structure’s exposure level. All manned, non-evacuated platforms and high-
consequence platforms or structures are designated L1; unmanned, low-consequence platforms or
structures are designated L3; other platforms or structures are designated L2. The cumulative
distribution function F,(E,) of the annual maxima E; can be related to the cumulative distribution

function F,(E,) of ice actions through Eq. (9) with known encounter frequency £, .
F,(E,) =expi-E,[1-F,(E)]} (9)

Afterwards, the corresponding design kinetic energy can be obtained through Egs. (10) and (11) with
equivalence to Egs. (7) and (8).

F,(E<#)=0.99 (10)

F,(E5")=0.9999 (for Listructures)

(11)
=0.999 (for2structures)

4.6 Assessment of installation damage

4.6.1 Damage assessment method
Generally, a substantial part of the kinetic energy £/*", i.e. the impact energy, corresponding to the

ALS design criteria must dissipated through structural and ice deformations.

Analysis of impact energy and analysis associated structural damage/deformation can either be
coupled or decoupled. The methods can be classified as ‘fully/partially coupled’ or ‘decoupled’. Details
of some of the methods are presented in Annex B .1.
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The structural damage should as far as possible take the interactive nature of the structure and ice
deformation, so as to reflect all the possible deign principles (refer Annex B .2).

4.6.2 Geometry of glacial ice features
The shape of the glacial ice is characterised by a global and local geometry.

4.6.2.1 Global geometry

The global geometry information (in terms of length, width, and height) can be obtained from the
glacial ice condition analyses (refer to Sections 3.2.2 and/or 3.3.2) and is important with respect to
identification of locations exposed to impacts and the amount of energy that must be dissipated as
deformation/strain energy in the ice and the installation.

4.6.2.2 Local geometry

The local geometry influences the distribution of damage in the installation and deformation of the
ice. Without any statistical information on the local geometry of glacial ice features or agreed
characteristic local shape, it is alternatively recommended to identify a critical local geometry that for
a given impact energy maximizes a certain damage to the installation. The damage is typically
penetration into the structure with possible flooding of void spaces, but other damage criteria may
apply, e.g. denting that jeopardises the residual strength.

The calculation of the critical local geometry is influenced by:

- Structural scantlings and strength.

- Failure criteria of the steel material.

- lce material model including relevant failure processes.
- The amount of impact energy to be dissipated.

The general trend is that sharp local ice geometries tend to deform with little structural damage; while
blunt local ice geometries deform little but inflict structural damage over a large contact area.

The objective of the design process is thus to minimize the ‘maximum structural damage/deformation’
for a given impact energy when it is subjected to impacts from ice with the identified critical local
geometry.
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Annex A Glacial ice condition modelling

Annex A .1 Birth of glacial ice features

The amount of iceberg-producing calving from an ice margin is influenced by the mass balance of the
glacier, the crevassing within the glacier, by the rate of glacier flow, by whether the glacier terminus
is grounded or afloat, and therefore by the depth of water fronting the ice. The principle is sketched
in Figure 3 and Figure 4.

SnNow

T LoOSE SNOw
" RPACKED JANOW

C,Lacr,er\— =
AN
\\, >

S
- M A P rinnacled
Leeberg
10-20 ma
1 .
Tabular iceberg

Figure 4. Sketch of the formation process of tabular and irregular icebergs from an ice cliff (Lgset et
al., 2006).

The dominant source of icebergs in the Barents Sea is calving from the ice cliffs of Franz Josef Land.
This archipelago consists of about 2600 km of tidewater ice cliffs (Lgset, 1993). The fjords and adjacent
waters are rather deep, typically 100 — 200 m deep, which may allow large icebergs to escape from
the glacier terminus. Most calving occurs in the late summer and autumn (June through September),
when ocean wave excitation reaches the calving ice cliffs. Iceberg drift is very restricted in winter due
to sea ice. The number of icebergs close to the calving sources is higher in winter than in summer
(Lgset et al., 2006).
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Annex A .2  Global model
Annex A .2.1 Glacial ice drift
The equation for iceberg drift motion, is given by:

dv;
m-(1+Cm)d—tl=Fa+FW+FC+Fwd+Fsi (12)

where m is the iceberg mass, C,, is the added mass coefficient, V; is the iceberg velocity, F, and F,
are the air and current form drag, respectively, F, is the Coriolis force, F,,,; is the mean wave drift
force and F; is forcing from sea ice. Note that forces due to ocean tilt are assumed to be marginal in
this large-scale model and thus neglected. All the force terms are defined in the following and they
are based on Eik (2009) and references therein, unless stated otherwise. The added mass is set to zero
in this study due to the lack of data and due to the considerable uncertainty in the available estimates
of icebergs’ mass.

The drag force due to current is expressed as:
1
Fw=E'pw'CW'Aw'|Vw_Vi|(Vw_Vi) (13)

where p,, is the density of the sea water, C,, the current form drag coefficient, 1}, is the current speed
and A,, is the cross-sectional area on which the current velocity acts. We adopt the approach of
Wagner et al. (2017) and define 4,, as:

pi 2

A = L. 2 (L. + W) H: 14
w pw T (l+ l) L ( )

where p; is the density of glacier ice. L;, W; and H; are the iceberg length, width and total height (sail
plus keel), respectively.

The drag force due to wind is expressed as:
1
Fa=5"PaCaAq Vo= Vil (Va = V) (15)
where p, is the density of the air, C, the air form drag coefficient, V, the wind velocity and 4, the
cross-sectional area on which the wind velocity acts. This area A, is defined as (Wagner et al., 2017):
Pw — Pi
Aa = wrt, Aw (16)
pi
The Coriolis force reads:
For = —m- f XV, (17)
where f is the Coriolis parameter, which can be written as:
f=145-10"*-sin(y) k (18)

where @ is the geographic latitude position, and k is a unit vector in the vertical (up) direction. Note
that the iceberg velocity, V;, has two components, i.e., east and north.

The expression for the wave drift force is

Vva
Vval

Fuqg= 025-p, g-a*-L;- (19)
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Vwa I

where a is the wave amplitude (a = 0.5 - Hg, where H; is the significant wave heigth) and Vol s
the wave direction.
The expression for the sea ice force is
Fg; =0 :(; £0.15
Fsi = 0.5 ps; - Csi " Agi Vi = Vil - (Vg = V) 1015<(; <09 (20)
Fi; = —(F, +E, + E,) :C; =209&h>hy,n

where pg; is the density of sea ice, Cy; the sea ice drag coefficient, Vy; the sea ice drift, C; the ice
concentration, h the sea ice thickness, hy,;, is the minimum sea ice thickness to lock an iceberg in the
sea ice and Ag; is the cross-sectional area on which the sea ice acts and is defined as:

2
Ag = ;'(Li"'VVi)'h (21)

The minimum sea ice thickness (h,;y) reads:

P
h . = 22
I prexp (=20 - (1 =€) (22)
where P is the sea ice strength and P* is a sea ice coefficient.
Annex A .2.2 Glacial ice deterioration
The iceberg length, width and total height deteriorate with the following rates:
d(L;) dwy)
= =—(M M 23
P P M, + My) (23)
d(H;)
— Y =—-M 24
pr b (24)

It is considered that the melt and erosion of an iceberg is mainly driven by wave erosion M., bottom
melt M, and buoyant convection at the side walls M. In the following, we summarise the formulation
of these three terms. All the melt terms given here have units of metres per day. Further details and
references can be found in the paper by Martin and Adcroft (2010). Wave erosion is given by:

M, = =5, (1+ cos(na?)) (7, +2) (25)

where S; is the sea state, 4; is the fractional sea ice cover and T,, is the sea surface temperature. Sea
state S; is estimated by a fit to the Beaufort scale:

3 1
Ss =5 WVa = V"2 + 75 IVa = Vo (26)

Melt rate at the base of the iceberg due to the turbulence created by the relative motion of water
passing the iceberg is given by:

T, -

My, = 0.58|V; =V, |* 07
2

(27)

where T is the effective iceberg temperature assumed to be constantly at —4 °C.
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The melt rate due to buoyant convection along the side walls of the iceberg caused by the temperature
contrast between the iceberg and the ocean. This melt is given by:

M, =7.62-1073T, + 1.29 - 107372 (28)

Finally, hydrostatic stability of the iceberg is considered by allowing for icebergs to capsize when the
width-to-height ratio ¢ = W;/H; falls below a critical value .. The criteria for the critical value is
derived as:

(29)

Detailed meteorological data source and relevant parameters’ inputs of the model can be referred in
the report (Lu et al., 2019).

Annex A .3  Local model

Annex A 3.1 Glacial ice drift
The basic equation in the local model is given by:

d
m-(1+Cm)&(Vi—l{g—Vt)=Fa+FW+FC+Fwd+F5i (30)

where m is the iceberg mass, C, is the added mass coefficient, V; is the iceberg velocity, 1, is the
geostrophic current, V; is the tidal current, F, and F,, are the air and current form drag, respectively,
F. is the Coriolis force, F,,4 is the mean wave drift force and Fj; is the sea ice drag. Assuming that the
Coriolis force acting on the sea water will be balanced by the sea surface tilt (in the absence of wind).
The formulae to calculate drag forces are the same used in the global model.

Annex A .3.2 Glacial ice deterioration
The deterioration equations of the local model are identical to the ones used for the global analysis.
The equations are given in Egs. (23) to (29).

Annex A .3.3 Sources and size distribution icebergs
A sufficient number of icebergs (typically about 100 icebergs) shall be generated from the statistical
distributions derived from the global model. The initial (start) time for each of the icebergs is random
following a uniform distribution over the past 27 years.

Annex A .3.4 Collision risk
The approach presented by Mathiesen et al. (1992) to estimate the risk collision between an iceberg
and e.g., a 100 x 100 m structure at a given site can be adopted. The annual iceberg encounter
frequency reads:

Ey=P,-N (31)

where E} is the number of icebergs colliding with the structure per year, P; is the local probability of
collision (derived from the local model), and N is the expected number of icebergs entering the given
site per year (derived from the global model).

The local probability of collision is calculated from the local model as follows:
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For each iceberg,
1. The spatial domain of e.g., (100 x 100 km) is subdivided into smaller boxes or windows of size
Ixl.
2. The number of boxes that contain a part of the iceberg track is counted.
3. The above two steps are repeated for decreasing box sizes.
4. The number of boxes that contain part of the iceberg track, N(I), are plotted versus the

window size, /, on a log-log scale.

For all icebergs,

5. Combine the log (N(l)) versus log (I) curves for all icebergs in one plot and find the curve that
represents weighted average of all curves.
6. Fit the curve resulted from Step 5 to estimate the fractal dimension (D), the constant (C) and

the scaling factor (l,) in Equation (32).

l _D
N =C (—) (32)
lo
7. Finally, the local probability P;, is computed as:
C /1\27D
p=—(= 33
Tk (10) (33)

(100-100) _
—=

where k = 10000.

0

Detailed meteorological data source and relevant parameters’ inputs of the model can be referred in
the report (Lu et al., 2019).
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Annex B Annex B Glacial ice impacts and damage assessment

AnnexB.1 General

The requirement and methods given in this section are generic although the major knowledge was
developed for impacts with small glacial ice features with waterline lengths of around 15-30 m. It is
important to consider these small glacial ice features due to the difficulties in detecting and managing
them (Lu et al., 2019). In addition, although small ice features have less mass compared to icebergs,
they have larger wave-driven motions that may cause larger impact velocities. The information of the
size and shape of glacial ice features is site-specific. The encounter frequency of glacial ice features
together with their size/mass statistics for a given site can be obtained by means of field
measurements or numerical modelling (refer to Section 4.2).

It is also necessary to perform simulation of the relative motion between the glacial ice feature and
the installation so as to determine the impact range and impact velocity’s distributions described in
Section 4.3.

Depending upon the impact conditions, a part of the kinetic energy may be retained after impact. The
difference between the kinetic energy before and after impact constitutes the demand for strain
energy dissipation in the installation and in the ice. The energy that needs to be dissipated as strain
energy may be determined in an external mechanics analysis. The proportion of strain energy that is
dissipated by structural deformation and ice deformation, respectively, is determined in the internal
mechanics analysis.

In the internal mechanics, the local structural lay-out and dimensions of the installation as well as the
local geometry of the ice feature in the contact area are important. A critical local ice shape which
maximizes the damage to the installation for a given demand for strain energy dissipation needs to be
determined. The damage in consideration will normally be penetration and puncturing of the
structure causing flooding of void spaces and loss of stability at risk, but other criteria may be
envisaged; e.g. residual strength of the damaged installation. The critical shape depends upon the ice
strength as well as the local structural lay-out and dimensions in the contact area.

The damaged structure after ice impacts shall be able to resist relevant permanent and variable
actions in a metocean condition corresponding to annual exceedance probability of 1072,

Methods for the assessment of structural effects from ice impacts may be categorized as follows:

1. Fully-coupled non-linear dynamic finite element (or equivalent methods) analyses of ice
impacts accounting for interactive nature of the structural and ice strain energy dissipation in
the contact area as well as the global motions.

2. Partially-coupled analyses of ice impacts accounting for the interaction effects as considered
in fully coupled analyses. The effect of ice structure interaction is, however, partially
considered by adopting simplified expressions for ice damage and structural deformation

3. Decoupled analysis where the external and internal mechanics are calculated independently.
The strain energy dissipation (i.e., the internal mechanics part) can be calculated using:

a) Nonlinear finite element analysis with realistic ice structure interactions
b) simplified methods with uncoupled or partially coupled structural deformation and ice
damage

Requirements to the use of the various methods are described in Annex B .5.1 (Method 1), Annex
B .5.2 (Method 2), Annex B .5.5.2 (Method 3a), and Annex B .5.5.1 (Method 3b).
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Whenever non-linear dynamic finite element analysis is applied to analyse the structural deformations,
all effects described in Annex B .5.5 and Annex B .6 shall either be implicitly covered by the modelling
adopted or subjected to special considerations, whenever relevant. Practical guidance on how to
establish structural resistance analysis by the use of non-linear finite element methods is given in DNV-
GL RP-C208 Determination of Structural Capacity by Nonlinear FE analysis methods

Annex B .2  Design Principles
With respect to the distribution of strain energy dissipation, there may be distinguished between, see
Figure 5:

- strength design
- ductility design
- shared-energy design

Strength design implies that the installation is strong enough to resist the impact force with minor
deformation, so that the ice is forced to deform and dissipate the major part of the energy. This is
typically the checks carried out in ULS.

Ductility design implies that the installation undergoes large, plastic deformations and dissipates the
major part of the impact energy.

Shared energy design implies that both the installation and ice contribute significantly to the energy
dissipation.

| ed-enerov | . .
Ductile design | Shared-energy | Strength design

| design \

ice

installation

Energy dissipation

Relative strength of installation/ice features

Figure 5. Energy dissipation for strength, ductile and shared-energy design.

From calculation point of view, strength design or ductility design is favourable. In this case the energy
dissipation in the installation or ice, whichever is ‘softer’, can be calculated on the basis of the
geometry of the ‘strong’ body. In the shared energy design, both the magnitude and distribution of
the impact force depends upon the deformation of both bodies. This interaction makes the analysis
more complex.

In most cases, ductile or shared energy design is used. However, strength design may in some cases
be achievable with little increase in steel weight. It is noticed that strength design is in principle
identical to ULS design; the installation has to resist the pressure and forces generated by the
deforming ice.
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Often the transition range of the relative strength from predominantly ductile behaviour to strength
behaviour is relatively narrow, where a slight increase of installation strength may substantially reduce
its contribution to the damage and energy dissipation.

For simplicity, ductile design principles may be adopted for local geometries that are equal to or
blunter than the critical geometry of the glacial ice feature, see Annex B .3, i.e. the ice is considered
to be rigid.

Annex B.3 Ice Geometry

The ice shall be described by a global geometry and a local geometry (see Figure 6). The global
geometry is decisive with respect to identification of areas exposed to impacts and to the outcome of
the external mechanics analysis in Annex B .5.4. The local geometry is needed for the internal

mechanics analysis, see Annex B .5.5.2.

Figure 6. Illustration of the local and global geometry of a glacial ice for potential impact against a
column or a pontoon. The grey areas indicate regions where local geometry must be described.

The local and global geometry shall be representative for actual impacting glacial ice features. Various
local and global geometries shall be examined to determine the critical geometry that maximizes the
damage to the installation.

If the distribution of local geometry is not sufficiently known, the critical local geometry should be
found as follows:

- The local geometry is described by a radius of curvature. The shapes with the smallest
radius of curvature will be crushed, while the shapes with the largest radius of curvatures
will deform the platform, but with moderate ice crushing. The critical geometry is the
radius of curvature that for a given impact energy maximizes the penetration into the
installation. It is based upon the assumption that penetration that may lead to flooding of
empty compartments or spill from cargo tanks, is critical. If other failure modes are
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considered more relevant (e.g. the residual strength of damaged members), the critical
shape must be searched with respect to these criteria.

The critical geometry of ice depends on the ice strength as well as the dimensions and strength of the
installation in the contact area. In lieu of more accurate calculations, the critical ice geometry may be
assumed to be spherical in the contact area with a sphere radius - panel length ratio equal to 0.8.
Unless otherwise assessed with advanced calculations, glacial ice with local geometries sharper than
this critical geometry shall be considered to be significantly crushed by the structure. Refer
Commentary section Annex B .8.1 for idea behind the critical sharpness of local ice geometry.

Annex B .4 Ice Impact Velocity and Kinetic Energy
In Eq. (6), calculating the kinetic energy EkV for individual impacts requires the distribution of the ice

impact velocities 7

impact

the impact velocity consists of two components:

. Each impact velocity corresponds to one of the sampled impact events; and

- A mean drift velocity V,, induced by wind, wave and current.

- A wave-driven oscillatory velocity v, ;..

Before sampling the impact events and their associated ¥, and v, the time domain motion (or

yelic 7
trajectory) of the glacial ice feature should be calculated. A decoupled approach to separately
calculate the mean drift motion (see Annex B .4.1) and the wave-driven oscillatory motion (see Annex

B .4.2) is possible.

The impact velocities . depend on the mass/size of the glacial ice feature and wave conditions at

impact
a specific site. A complete construction and sampling between all possible combinations of M , V,

v

cyclic

and wave conditions is ideal, but difficult. In lieu of such complete analyses, it is possible to

make some simplifications (refer Commentary section Annex B .8.2)

Annex B 4.1 Mean drift motion
The method to calculate the mean drift velocity V; is presented in Annex A. A joint distribution of 7,

and M can be established in the calculation of the kinetic energy E,Z/ in Eq. (6). The mean drift velocity

V. influences the impact events: as higher drift velocity tends to divert impact location towards higher

locations and lower drift velocity leads to more evenly spread impact locations given the same
oscillatory motions of the glacial ice features (Lu and Amdahl, 2019).

Annex B .4.2 Wave-driven oscillatory motion

Annex B .4.2.1 General

The distribution of impact velocity of glacial ice over the vertical areas of the installation shall be
determined. This shall be obtained by simulating the motion of a drifting glacial ice feature relative to
the installation at the instant of impact. The wave-driven oscillatory sway and heave motion of the
glacial ice feature shall be considered, while the roll motion may be disregarded (especially for small
glacial ice features). The motion may be based on CFD techniques or potential theory.

The following effects should at least be taken into account:

- Added mass and damping for the sway and heave motions.
- Buoyancy, Froude Krylov and diffraction forces. The effect of draft changes and submersion
due to the heave motion shall be accounted for.
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- Drag forces balancing the mean horizontal force shall be included.

The repellent force (change of added mass for the glacial ice feature) in the close proximity of the
installation may be taken into account. Viscous forces generated when the glacial ice feature is close
to impact may be taken into account if validated against experiments.

The probability distribution of impact velocity shall be simulated using the method developed by
Fylling (1994) for a drifting supply vessel and the extended model by Lu and Amdahl (2019) for drifting
icebergs that includes the vertical distribution as well.

Annex B .4.2.2 Formulations of the numerical model

In lieu of more advanced simulations, the ‘simplified nonlinear model for wave induced glacial ice
motion’ developed in the project ST20_2019 (Lu et al., 2019) can be adopted. The formulations are
mainly intended for small glacial ice features (refer Commentary section Annex B .8.2) and are
summarised here.

Given the interaction model illustrated in Figure 7, the wave induced oscillatory motion for the glacial
ice feature is determined with Eq. (34). Only the motion in the sway 7, and heave 7, directions are

considered.
(A,j +M)ij, +Bl.j7'7,. =E.W +ER (i=2,3) (34)

in which, M is the mass of the glacial ice feature. 7 is the displacement in i direction and 7}, and 7,
the corresponding acceleration and velocity, respectively. Al.,. and ij are the added mass and added
damping of the glacial ice; together with the restoring force component E.R , Which corresponds to

the so-called radiation force components. On the right-hand side of Eq. (34), EW is the wave

excitation force. To calculate the motion 77, of a glacial ice in waves, the formulation of each force

component is described below.

m 7
S
SWL A My
D Y T Y o . S
° I n, P¢ I L 7,
Glacial ice Structure

Figure 7. Interaction model and coordinate system.
The “small volume body in waves” assumption may be adopted. This means that the characteristic
body size L and the wave length 4 should satisfy the relationship of 1/ L > 5 (Faltinsen, 1993). The
wave excitation force E.W can be written in Eq. (35),

EV =F™ 4+ FP7 = —”pn,.ds +4,a,+ 4ya, + A0, (35),
S

in which, the Froude-Krylov force (Egs. (36) and (37)) and diffraction force (Eq. (38)) can be formulated
taking into account the instantaneous wetted volume (including full submersion).
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E™ =[] pnds (36)
N

pg—[;“e"z sin(wt —kx) z<0
p= “’g (37)
PESu Gin(wr—kx) 23>0
w

where,
P is the water density;
g is the gravitational acceleration, 9.81 m/s?;
é”a is the wave amplitude, in [m];
z is the water depth calculated from the mean Still Water Level (SWL), in [m];
[0 is the wave frequency, in [rad/s];
k is the wave number and can be expressedas k =27/ 1 .

For the general diffraction force expression F;D”f in Eq. (38), 4,,,4,,,4,,,4,,, are the added mass

coefficients of the glacial ice feature in sway, heave, sway/heave and heave/sway directions,
respectively; whereas a, and a, are the undisturbed fluid particle acceleration at the geometric

centre of the wetted volume in sway and heave directions, respectively (Faltinsen, 1993).
EP = 4,a, + 4za, (38)

In Eg. (34), the restoring force E.R , by only considering the vertical direction motion 77,, can be
formulated as in Eqg. (39), in which, D(S) is the distance from the centre of a discretised wetted area
ds to the SWL. At static equilibrium in the absence of wave motion (i.e., n, =0), it follows that,
equivalently, png(S)ds:Mg, Ff=0, and (png(S)ds)/AWP =D. D and 4,, are the mean

draft and the waterplane area of the glacial ice at SWL. Notably, with changing vertical motion 77, of

the glacial ice, Eqg. (39) takes into account the nonlinearities due to waterplane area change and the
scenario when the entire glacial ice is fully submerged.

Fl = pg(| D(s)ds —n,) Mg (39)

Solving Egs. (34) to (39) with an appropriate numerical scheme for ordinary differential equations (e.g.,
an explicit numerical scheme) yields the oscillatory motion of the glacial ice. In addition, an incomplete
portion of the wave-driven drift motion is included in the model and should be filtered away from the
results. Thereafter, the wave-driven oscillatory motion 7, (in the sway 7, and heave 7, directions) is

constructed.

With known mean drift motion ¥, x time and the oscillatory motion 7,(time) of the glacial ice feature,
the glacial ice feature’s motion can be written as V, x time + 77,(time) by superposition. Given the

trajectory of the glacial ice feature, impact events (with information of vertical distribution of impact
velocity) can be sampled (Lu and Amdahl, 2019, Fylling, 1994).
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Annex B .4.2.3 The size effect of glacial ice features on the impact velocity

Depending on the relative glacial ice features’ size/mass and wave conditions, the impact range and
impact velocity will be different. Given the same wave condition, smaller glacial ice features
experience a much more profound wave-driven oscillatory motion leading to a much wider impact
range; whereas larger glacial ice features experience a more ‘linear drifting pattern’ motion leading to
a more concentrated impact location. In addition, a larger impact velocity is normally expected for
smaller glacial ice features. As the kinetic energy scales quadratically with the impact velocity, it is
important to evaluate the potential impact damage caused by small glacial ice features.

Annex B .4.2.4 Influence of wave conditions on the impact velocity
Wave conditions can be characterised by different return periods and the associated Hg -7,
combinations. Reasonable choices of these wave condition parameters shall be utilised to calculate

the corresponding V, and thereby E; distributions. For a given glacial ice feature, the general

impact
trend is that higher significant wave height H leads to larger impact velocities and wider range of
impact locations. With respect to the choice on reasonable wave conditions given in different

standards (NORSOK-NOO03, 2007, 1SO19906, 2019) it is referred to the discussion in Commentary
section Annex B .8.2.2.

Annex B.5 Damage assessment

Damage assessment may be carried out in a fully coupled, partially coupled, or decoupled manner. A
description of the coupling strategies of different methods are summarised in Commentary section
Annex B .8.3.

Annex B .5.1 Fully-coupled analyses

In fully coupled analyses, major interaction effects in a glacial ice impact event shall be considered
including hydrodynamic forces, ice material modelling and structural resistance with proper fracture
modelling. The modelling of the ice and the structure shall comply with the requirements in Annex
B .5.5.2. The rigid body motion as given by the global geometries of the ice and the structure shall take
into account relevant added masses. Constant added mass may be assumed. If the fluid is modelled
as well (adopting e.g. the ALE), the correctness of the modelling shall be demonstrated for known
solutions.

Annex B .5.2 Partially-coupled analyses
In the partially-coupled analyses, major interaction effects as required in fully coupled analyses shall
be included. Simplified expressions are, however, used for ice damage and structural deformation,
partially accounting for the effects of ice structure interactions. Refer Commentary section Annex
B .8.4 for more details on the method and its implementation.

Annex B .5.3 Decoupled analyses
In the decoupled analyses, the external and internal mechanics calculations are performed
independently.

Annex B .5.4 External Mechanics
The impact energy to be dissipated as strain energy may - depending on the type of installation and
the purpose of the analysis - be taken as:

- Compliant installations:
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1
E, = E(mS + a;)vs Tt a (40)
m; + a;
Single Point Anchored Reservoir (SPAR) platforms:
_u)?
E, = l(m + a,)v ( vs) (41)
S0 S Sl_l_ms+as_l_(ms+as)zi2
m; + a; Ii
Fixed installations:
1 2
Es = E(ms + as)v; (42)

ms = ice mass

as = ice added mass

Vs = impact velocity

mj = mass of installation

ai = added mass of installation

Vi = velocity of installation

J = mass moment of inertia of installation (including added mass) with respect to effective
pivot point

I; = mass moment of inertia of installation (including added mass) with center of gravity
z = distance from pivot point to point of contact

Zi = distance from centre of gravity to contact point

Eccentric impacts with respect to the centre of gravity of the ice yield smaller demands for strain
energy dissipation. This may be taken into account, provided that centric impact is not possible.

In most cases the velocity of the installation can be disregarded, i.e. v;=0.

In the general case, considering impact normal to a defined impact plane, the dissipated energy will
have contributions from the relative motions tangential to- and normal to the impact plane.
Disregarding the energy dissipated tangentially (“friction” energy), the energy dissipated in normal
direction may be obtained as follows
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LY (43)

where v, and v, are the velocity of ice and installation, respectively, taken normal to the impact plane

(the signs are equal when moving in the same direction). The equivalent mass, m,, for the installation

m ., and mass moment of inertia, /. ,1.,/

jz ! Loty tjza

and ice, respectively, depends on the mass, m._,m

/X 2 ‘/‘,V b

about the three axes of the coordinate system including hydrodynamic added mass, all projected on
the collision plane and is given by Popov et. al. (1967):

-1
B (P w w2 7 V) . ) . ]
m=|-"t+—-—L+L+L+=L+1L] | j = s (ice), = i (installation) (44)
/ m. m, m_ [I_ I I
Jx Jy Jz Jx Jy Jz
The collision point is described by the three coordinates (x,y,z) relative to the centre of gravity for the
installation and the ice. /,m,n are the direction cosines for the unit vector normal to the collision plane
(pointing outwards) where the location of the contact point is expressed in the two coordinate
systems

P(xj,yj,zj), I, =li+mj+nk j =s (ice), = i (installation) (45)
The lever arms for roll, pitch and yaw motions are given by

A, =mz, —ny, j =s (ice), =i (installation)

Wy =nx, —lz, (46)

v, =ly; —mx,

The calculation of the above parameters shall be performed for both the ice and the installation using
a uniquely defined impact plane. The orientation of the collision plane is not always obvious. Normally,
the stronger of the ice and the installation, or the object with a flat surface or a convex outer shape at
the impact point shall be used as the master object to establish the local coordinate system (especially
the normal direction). The averaged normal direction can be used when it is difficult to choose
direction.

The tangential motion components on the collision plane related to ‘friction’ energy dissipation may
also be taken into account using the complete 3D model developed by Liu and Amdahl (2019). This
method considers two outcomes of the collision event, depending on the amount of friction forces
along the collision plane, namely i) slide, where the two bodies move tangential to the collision plane,
ii) stick, where the two bodies stick together. The sliding case with friction set to zero condensates
into the solution given by Popov et. al. (1967).

The friction factor should take into account ice-to-steel friction as well as any transverse force due to
deformation in the tangential direction. This force component is generally smaller than the force
caused by pure lateral indentation, see Annex B .5.5.3.
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For vertical impacts in downward direction it is normally conservative to assume that the entire kinetic
energy has to be dissipated as strain energy in the installation. If the relative motion of the ice and
installation is such that the installation tend to lift the ice out-of-water, it shall be verified that the
installation is capable of producing this force level (normally with increased plastic deformations).

The installation can be assumed compliant if the duration of impact is small compared to the
fundamental period of vibration of the installation. If the duration of impact is comparatively long, the
installation can be assumed fixed.

Floating platforms (semi-submersibles, TLP’s, production vessels) can normally be considered as
compliant. Jack-ups may be classified as fixed or compliant. Jacket structures can normally be
considered as fixed.

Annex B .5.5 Internal Mechanics
It is convenient to consider the strain energy dissipation in the installation on three different levels:

- local cross-section
- component/sub-structure
- total system

Interaction between the three levels of energy dissipation shall be considered.

Plastic modes of energy dissipation shall be considered for cross-sections and components
/substructures in direct contact with the ice. Elastic strain energy can in most cases be disregarded,
but elastic axial flexibility may have a substantial effect on the load-deformation relationships for
components/sub-structures. Elastic energy may contribute significantly on a global level.

Often the integrity of the installation can be verified by means of simple calculation models described
in Annex B .6.

Annex B .5.5.1 Ice-structure interaction

The relative strength of the glacial ice feature and the installation at the location of the contact
determines which of the two bodies dissipates more impact energy at a given time. The softer of the
two bodies dissipates more energy in forms of structural and/or ice deformation. The strength of the
installation can formally be represented by the contact force — structural deformation relationship
illustrated on the right-hand side of Figure 8; the strength of the glacial ice feature can be represented
by the contact force —ice deformation relationship illustrated on the left-hand side of Figure 8. The
part of the energy dissipated by the ice and the installation equals the total area under the two
“contact force — deformation” curves.
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Figure 8. Energy dissipation in ice and installation.
As the load level is not known a priori an incremental procedure is generally needed.
Wicemax Wt max
ES = Es,ice + Es,str = ﬂ J‘ Riced‘/vice + J‘ Rstrdwstr (47)
0 0

The contact force — deformation/crushing depth relationships for the ice and the installation are often
established independently of each other assuming the other object infinitely rigid (presented by the
solid dark curves in Figure 8). This method may have, however, severe limitations; i.e. both ice and the
structure will dissipate some energy regardless of the relative strength.

Often the stronger of the ice and the installation will experience less damage and the softer more
damage than what is predicted with the approach described above. As the softer structure/ice
deforms, the impact force is distributed over a larger contact area. Accordingly, the resistance of the
strong ice/structure increases. This will cause an "upward" shift of the resistance curve for the
stronger ice/structure (refer to Figure 8). This coupling between the ‘ice deformation process’ and the
‘structural deformation process’ can be considered fully by the nonlinear analysis in Annex B .5.5.2
and partially by the analysis in Annex B .5.2.

Care should be exercised that the contact force — deformation curves calculated are a realistic
representation of the interactive nature of the deformations taking place between ice and the
structures.

The energy absorption capacity of the ice should be verified against target force-area curves for
crushing against a rigid plane structure.

In lieu of more accurate analysis, the interaction effect may be taken into account by an energy
dissipation correction factor 3.
F -1 s
p= P Max1.0; Min0.0 (48)
for glacial ice impacts against offshore structures, where F, (unit: MN) is the initial collapse load of the

structure. Refer to Commentary section Annex B .8.5 for the idea behind the correction factor.
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Annex B .5.5.2 Nonlinear finite element analysis of ice and structures

Analysis of structural deformations by means of non-linear finite element methods shall follow the
principles described in DNV-GL RP-C208 Determination of Structural Capacity by Nonlinear FE analysis
methods (DNV-RP-C208, 2016). The fracture criterion for shell finite elements may be adopted. Crack
propagation may be simulated by element erosion. The fracture criterion in DNV-GL RP-C208 is
conservative, refer Commentary section Annex B .8.6, and other criteria may be adopted if verified
against a sufficient number of representative tests, more detailed calculations or benchmark studies.

Modelling of the ice should be based on volume elements. The element size in the region of interest,
i.e. in and close to the contact areas where ice deformation may take place, should as far as possible
be uniform and of approximately the same dimensions as those representing the structure.

Ice under external loads may fail in different failure modes. Ice crushing with possible spalling shall be
modelled in a glacial ice impact event. The behaviour of the ice during severe deformations may be
based on plastic flow theory where the capacity is represented by a plastic potential, a crushable foam
or other available ice models. The adopted ice model shall capture major macroscopic characteristics
of glacial ice, e.g. ice confinement under hydrostatic pressure. Extensive deformation of ice may be
taken into account by element erosion, smooth particle hydrodynamics, cohesive elements or
equivalent methods.

The adopted ice model shall be calibrated by deforming it against a plane rigid wall such that the
desired force-area relationship is obtained over the deformation range of interest. As the simulated
ice deformation behaviour depends on the element size, calibration shall be valid for the element size
that is actually used in the ice-structure interaction analysis.

If substantiated by experiments, the ice may be calibrated by simulating penetration of a rigid body
into an ice block. It has to be demonstrated that the confinement effect is correctly represented in the
material model by also simulating ice deformation against a plane wall. Refer Commentary section
Annex B .8.7 for an example on the calibration of an ice material model.

The material model used for the ice feature shall be calibrated against a selected force-area
relationship. The average pressure shall be relatively insensitive to the size of the contact area. Unless
proved to be more relevant, the following force-area curve shall be adopted:

F — COAO,‘) (49)
In lieu of test data, Co = 3.2 may be used for the Barents Sea. Refer to Annex B .8.8 for more details on
the recommended force area curve.

Annex B .5.5.3 Oblique impact with moving ice load

Moving ice load denotes the action that is generated when the ice slides along the structure. For a
given indentation, the structural resistance to a moving load will often be smaller than that caused by
penetration normal to the panel, refer Commentary section Annex B .8.9.

Fully coupled analyses shall be performed in accordance with Annex B .5.1 to simulate realistic rigid
body motions of ice and the structure, such that combined actions of ice indentation and sliding can
be properly accounted for.

In lieu of more accurate simulations, analysis of structural response to moving loads may be carried
out with prescribed ice motions by first producing an initial indentation depth and then move the ice
along the structure with constant indentation. Simulations shall be carried out with different initial
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indentation depths, so as to allow interpolation of the moving ice loads when the indentation varies
during the contact.

Annex B .6  Force-deformation relationships for beams and stiffened plates

Annex B .6.1 General

The response of a beam, viz. a stiffener with associated plate flange, subjected to ice load is initially
governed by bending, which is affected by and interacts with local deformation of stiffener webs under
the load. The bending capacity is also reduced if local buckling takes place on the compression side.
As the beam undergoes finite deformations, the load carrying capacity may increase considerably due
to the development of membrane tension forces. This depends upon the ability of adjacent structure
to restrain the connections at the member ends to inward displacements. Provided that the
connections do not fail, the energy dissipation capacity is either limited by tension failure of the
member or rupture of the connection.

Simple plastic methods of analysis are generally applicable. Special considerations shall be given to
the effect of:

- elastic flexibility of member/adjacent structure,
- local deformation of cross-section,

- local buckling,

- strength of connections,

- strength of adjacent structure, and

- fracture.

Annex B .6.2 Plastic force-deformation relationships of beams with axial flexibility
Relatively small axial displacements have a significant influence on the development of tensile forces
in members undergoing large lateral deformations. Equivalent elastic, axial stiffness k. may be
defined as:

R SN S 2
Kk k k EA (50)

eq nodel node2
knode1, Knode2= axial stiffness of the nodes at each end of the beam with the considered member
removed. This may be determined by introducing unit load in member axis direction at the end
nodes with the member removed.

Plastic force-deformation relationship for a beam differs with cross sections, resulting from the fact
that each beam cross section yields a plastic interaction function between axial force and bending
moment. The section concerns mainly a beam with the stiffened-panel type cross section used widely
in ships and offshore structures, where the area of plate flange is typically larger than the area of
stiffener cross section. Plastic force-deformation relationships for other beam types are given in
DNV-RP-C204 (2019).

Li=ol L—=(1-a)L

Figure 9. plastic deflection of a beam subjected to lateral loads with finite axial stiffness.
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The formulation for the structural resistance of a beam, viz. a stiffener with associated plate flange,
undergoing finite deformations is based on the work by Yu et al. (2018). The resistance R is given by
the following equations:

R M Nb6 1 free rotation

R, M, pM, b [2 fixedrotation (1)

where the resistance to plastic bending collapse, Ry, fully plastic bending moment, M,, and fully plastic
axial force, N,, of the stiffener with associated plate flange are given by:

1
=M [ (l—a)L]

M,= [ Ah, + Ah, ] (52)

N =0 A

4 yile

The development of the membrane force N is determined by:

2
A A A,
N g 2 —12—2 —1|||exp|— Ped o
N Bc| A4, A, 4 A4, h
4 6 N
+—A‘” ; |stagel, 2,3:— <1 (53)
B A4 h, N,
N =1; stage4
NP
where c is the non-dimensional axial stiffness given by:
keqhw2
M (54)
a(l-a)LN,
The development of the bending moment M is calculated from:
ﬁzl; stage 1: ﬁgz |
M, N,
2
24
ﬂ A ] [ ”—1]] ; [stage 2 <£<1—%
Mp 1_],_27 Ae Np Ae’ (55)
A,
AE’
M __A lN]' stage 3 4 N
M, 1+2A N, ) . N
M =0; stage4
L = member length
o, = yield stress of the member material
A: = area of the stiffener top flange
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Ay = area of the stiffener web

A=A, +A; = area of the stiffener including stiffened web and flange
Ap = area of the plate flange

Ae=Ap+ A + At = total area of stiffener and plate flange

hw = web height of the stiffener

1) = deflection of the beam

s = width of the stiffened panel

b = length of the loading patch

The resistance of the stiffened plate depends upon the non-dimensional axial flexibility c(k), the
relative size of the plate flange vs stiffener area (A, /As 21) and the size of the top flange versus the
web area (As/Aw), as shown in Figure 10 and Figure 11.

Note that the plastic interaction relationships are based upon compact cross-section behaviour
through sustained plastic deformations. Webs of stiffeners shall comply with h,/t. < 20. The accuracy
of the equations may decrease due to shear effects when L/h,<10.
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Figure 10. Plastic load-deformation relationship for stiffened plates with fixed ends (the plate flange
is larger than stiffener area).
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Figure 11. Plastic load-deformation relationship for stiffened plates with different axial stiffness.

For a stiffened plate under pressure patch loading, the resistance, r, [Pa], is expressed by,

R
7

b:—
bs(l—b)
2L

s is the width of the plate flange and b is the length of the patch load.

(56)
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Annex B .6.3 Plastic force-deformation relationships of stiffened panels
For stiffened panels with several bays undergoing large deflections, the resistance shall include two
main components:

- beam deformation mode of the various stiffened plates as given in Annex B .6.2;
- membrane forces in the transverse direction.

The shell plating of a stiffened panel will be subjected to biaxial tension when it undergoes large
indentation due to ice action. According to von-Mises yield criterion, the tensile stresses may reach
the yield stress level in the two orthogonal directions. Hence, the two contributions can be treated
independently.

For a stiffened panel subjected to patch or uniform loading (refer Figure 12), the displacement of the
shell plating is assumed to have a sinusoidal shape in transverse direction and linear in the longitudinal
direction.

Figure 12. Deformation of a stiffened panel consisting of 4 bays subjected to pressure patch loading.
The dashed lines denote deflections of the panel.
The resistance 7, ; [Pa] for the i beam (stiffener with associated plate flange) of a stiffened panel
shall comply with formulations in Annex B .6.2, where the deflection of each beam decreases
sinusoidally from panel middle to the boundary.
Theresistance, r, [Pa] due to membrane stretching of the shell plating in transverse direction is given
by,
7Ny
=~ (57)
. T
16W?*sin| —
2L

Where, Lis the panel length, W is the panel width, B is the length of the patch load in stiffener direction,
0 is the panel central deflection, N, = o,t, is the fully plastic tension force per unit length, 7, is the

thickness of the bottom plate.

When B =1L, i.e. the pressure is uniformly distributed over the whole panel, the pressure is:
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7N,
16W?

if B> L, thenr, > (58)

The resultant pressure loading thus yields » = Zr[“. +r, .

Annex B .6.4 Plastic force-deformation relationships of web girders
When the adjacent frames/stringers of a stiffened panel cannot support the panel resistance in the
web plate direction, or is subjected to direct contact with the ice, the web plates may deform.
Additional energy will be dissipated by the folding type deformation of the frames/stringers web
plates, but the resistance of the stiffened panel as a function of lateral deformation will be delayed
accordingly. The in-plane crushing resistance of web girders may be taken into account using methods
by Hong and Amdahl (2008). The resistance of the first fold reads,

1037
1-03%
1.2M,a 24 H) |, 55600 (59)

T R

where, ¢, is the thickness of the web girder, & is the crushing displacement of the web girder, a is half

R(8)=

1
span of the web girder, M :Zcrot‘i is fully plastic bending moment per unit length, N, = o, is the

fully plastic tension force per unit length, o, = (G}, +o, ) /2 is the flow stress. H =0.395a°"t,'” is the

characteristic crushing depth of the web girder.

The mean crushing resistance of the web girder yields,

P 170(a)’
L VA (60)
M. A\t

0 w

The formulation is derived for the crushing resistance of web plates and applies to web girders
equipped with horizontal stiffeners, where the influence of horizontal stiffeners is limited.

Annex B.7  Global Integrity during Impact

Normally, it is unlikely that the installation will turn into a global collapse mechanism under direct
impact load, because the impact load is typically an order of magnitude smaller than the resultant
design wave force.

Linear analysis often suffices to check that global integrity is maintained. The installation should be
checked for the maximum impact force.

For installations responding predominantly statically, the maximum impact force occurs at maximum
deformation. For structures responding predominantly impulsively, the maximum impact force occurs
at small global deformation of the platform. An upper bound to the impact force is to assume that the
installation is fixed with respect to global displacement.
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Annex B.8 Commentary Section
Annex B .8.1 Critical local ice geometry

This section gives additional comments to Annex B .3 in relation to the critical local ice geometry.
Figure 13 demonstrates the importance of the local ice geometry on the penetration into the column
of a semi-submersible platform. The force for rigid ice/deformable structure and deformable ice/rigid
structure are plotted in black while the results from NLFEM considering fully ice structure interactions
are plotted in red. When the radius of curvature is small (i.e., a sharp ice body), the ice crushes
substantially and the column is subjected to small deformations. As the radius of curvature increases
(i.e., the ice gets blunter), the structure starts to deform more, and the ice becomes more confined
and consequently stronger. At a certain radius (curvature radius/panel length=0.81) the ice is
subjected to little deformation and the response of the column is virtually identical to that under the
impact of a rigid ice feature. When the ice becomes even blunter, the ice still behaves as if it is rigid
and the column dissipates most/all the impact energy with, however, less structural deformation as
the contact area / deformation area is relatively large.

VT T T T T T T T — T T T 71— 40 — T
curvature radius/panel length= 0.23 1354 curvature radius/panel length="0.37 curvature radius/panel length= 0.47
254 304
= 1
= 204 25
8 1
£ 154 201
®
'g 15 4
v 104
10
54 5
ice structure Ice Structure -
0 AL L I I L L LA L B 0 T T T T T T T 0 T T T T T T T T T T T
-25-20-15-10-05 00 05 10 15 20 -20 -15 -1.0 -05 00 05 10 15 20 -15 -10 -05 00 05 10 15
70 T T T T T T T T T T T T 55 T T T T T T T T T T T
curvature radius/panel length= 0.62 1454 curvature radius/panel length=0.81 50 4 curvature radius/panel length= 1.24 a
60 fully coupled simulation 404 4 1
— integrated approach J 5 ]
Z 50+ 351 40 ]
8 130 35 /
- = 30 B
g 1] 25 1
] ] 4
‘g 30 20 % ]
® 2 15 1
1 15 -
110 104 ]
10 1
59 . 54 . ]
1 ice structure ice structure |
0 0 T

T T T T T T T T T T T 1 T T T T T T T T T
-16 -1.2 -08 -04 00 04 08 12 16 -04 00 04 08 12 16 20-04 00 04 08 12 16 20
Displacement (m) Displacement (m) Displacement (m)

Figure 13. Force deformation curves of ice and the structure when ice with different curvature radius
impacts stiffened panels of a semi-submersible platform.
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Figure 14. The effect of local geometry on penetration into the platform.

Annex B .8.2 Ice impact velocity and kinetic energy
This section gives additional comments to Annex B .4 in relation to the ice impact velocity and kinetic
energy. The ice impact velocity depends on the following parameters, whose major dependent
parameters are also listed:

- Mass/size of the glacial ice features (site dependent)

- Mean drift velocities (depends on the mass/size and considered wind, wave and current
conditions at the site)

- Wind, wave and current conditions (depends on the return period and possible H; -7,

combinations)

When the glacial ice conditions have been quantified, the mass/size distribution M and its associated
mean drift velocity V; should be established for the considered wave conditions. The next step is to
calculate the oscillatory motion and extract the impact velocity distribution (see the procedures and
formulations described in Annex B .4). Ideally, this should be repeated for various mass/sizes of the
glacial ice features and various wave conditions. However, this is computationally expensive. Potential
simplifications are described in the following:

Annex B .8.2.1 Simplification in mass/size considerations

The wave-driven oscillatory motion is normally prominent only for small glacial ice features. For large
glacial ice features, the drift motion (driven by wind, wave and current) is dominant. Thus, for large
icebergs only the mean drift velocity ¥, needs to be accounted for, and the formulation in Eq. (6) can

be simplified into Eq. (61).
E/ :%(M+A)(I/;)2 for L, > L, (61)

For small to medium sized glacial ice features, the ‘simple nonlinear model’ introduced in Annex B .4.2
based on long wave assumption will normally suffice. However, further studies are required to
establish the length limit, L

cr ?

beyond which Eq. (61) can be applied.
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Another possible simplification is to decouple the dependence between the mean drift velocity V; and

the mass distribution M . Further studies are needed to confirm the validity of this approach.

Annex B .8.2.2 Wave condition considerations

The kinetic energy of glacial ice features depends upon the wave conditions. At a specific site, wave
conditions are associated with different return periods. For a given return period, there are different
Hg —T, combinations. The choice of return periods should be considered together with the
encounter frequency of glacial ice features and the target design level; the choice on the H, -T,
combination should be based on sound engineering judgement. Regarding the choice of wave return
periods used to calculate the kinetic energy of the glacial ice features, it is possible to follow
recommendations stated in existing standards (e.g., (NORSOK-N003, 2007, I1SO19906, 2019). Further
discussions are is presented in Annex B .8.2.3). However, preliminary calculations of the design kinetic
energy E,f"‘”g” indicate that both recommendations are too conservative. Further studies are needed,

to come up with a better and/or more clear suggestion on this issue.

Annex B .8.2.3 Load combination according to ISO19906 and NORSOK N-003
When calculating the design kinetic energy E,f""‘g” for the ALS condition, the accompanying

environmental load effects, due to e.g. wave actions, should be considered. The approaches adopted
by 1SO19906 and NORSOK N-003 are different.

In NORSOK N-003 (see the following original table for ALS #6), the wind, wave and current conditions
for one-year return period are chosen. The motion of glacial ice features can therefore be calculated
based upon these environmental conditions. The accompanying environmental effects (with an
annual exceedance probability of 0.63) are to be combined with the effects of ALS level glacial ice
impact to evaluate the structural damage.
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Table 7 — Combination of water levels, metocean and earthquake conditions with expected mean
values and annual probability of exceedance 102 and 10*

Limit states Wind | Waves | Current | Sea |Seaice| Ice- Snow | Earth- Sea level
(e (f spray bergs quake (a
icing
1 102 102 107 - - - - - HAT + Sy
Ultimate | 2 101 101 102 - - - - - HAT + 5,92
limit 3 10 101 101 102 - - 101 - MWL
states 4 101 063 107 - 102 - - - MWL
5| 10 10+ 10 - - 107 - - MWL
6 | 107 107 10 10 - - 102 - MWL
7 - - - - - - - 102 MWL ®
Accidental | 1 104 10-2 10+ - - - - - MWL + S10-+
limit 2 102 104 101 - - - - - MWL + S5+
states 3 107 107 10 - - - - - MWL + 819+
4 102 10 - 10+ - - - - MWL
5 - - - - 104 @ - - - MWL
6 0,63 0,63 0,63 - - 104 d - _ MWL
7 | 063%@ | 0636 - - - - 104 - MWL
8 - - - - - 104 MWL ®

a) HAT: Highest Astronomical Tide; MWL: Mean water level; MWL+S: Mean water level, including the effect of storm
surge with given g-probability

b) Seismic response analysis should be carried out for the most critical water level.

c) In determination of the combination of sea ice and other action contributions, the exposure period should be
evaluated in order to establish associated values of wind, waves and current.

d) With respect to ULS and ALS related sea ice and iceberg actions, it shall be acknowledge that there are several
realisations of the iceficeberg conditions that can cause actions corresponding to these exceedance levels.
Further, it shall also be acknowledge that the ice conditions also will depend on the failure mode under
consideration

e) If using the contour line approach, the worst combination of Hs/Tp for the given g-probability shall be used.

f)  For current a 1-hour mean shall be used for 10-! values and 10 min mean for 10-2 and 10 values, as described in
6222

g) If effects of wind drift not are included in ALS estimate for snow actions, action contributions from wind and waves
can be excluded

In 1SO19906 (see the following original tables for AL actions), the accompanying environmental actions
are chosen corresponding to the EL design (i.e., with annual exceedance probability of 102), however,
with a load reduction factor of 0.4 or 0.5.

The difference and validity of these procedures should be evaluated in future work.

In addition, as the motion of small glacial ice features is stochastically dependent upon the wave
conditions, a wave condition with a reasonable return period should be chosen taking into account
the encounter frequency. For example, with an encounter frequency of 1073, it is no longer reasonable
to choose a wave condition with a non-exceedance level of 107 (as it is now stated in 1ISO19906) to
calculate the 10 design kinetic energy. An elucidation on this requires further studies.

44



Table 7-1 — Companion EL environmental actions

Principal action Companion EL environmental action
(EL or AL) Stochastically dependent | Stochastically independent Mutually exclusive
Isolated ice
features (e.g.ice

floes, ridge Wind, wind-driven current,

fragments, tidal and background current, Waves® —
stamukhi, bergy waves?

bits, small

icebergs]

2 For the AL earthquake, it is normally sufficient to consider only ice likely to be present when an earthquake occurs.
B The principal action from small icebergs or ice floes and the companion wave actions can be stochastically dependent.

¢ Categorisation of companion actions for snow and icing should be assessed for site-specific conditions.

Table 7-2 — Combination factors for companion EL environmental processes

Factor for representative EL companion environmental
action
Principal action Companion action is Companion action is
stochastically dependent on |stochastically independent of
the principal action the principal action
EL action 0,9 0,6
AL action 0,5 0,4

Annex B .8.3 Damage assessment
This section gives additional comments to Annex B .5. The methods for the damage assessment are
classified into three main categories in Annex B .5 based on different coupling strategies, where the
decoupled method can further be subdivided depending on the treatment of internal mechanics.
Figure 15 summarises the methods and associated coupling strategies.

The fully coupled method includes major interaction effects, e.g., hydrodynamic forces, ice material
modelling and structural simulation. It represents the most detailed analyses alternative and is
suitable for performing damage assessment at selected critical locations, and for verification of
simplified methods.

The partially coupled method accounts for the ice structure interaction in a simplified manner. An
advantage of the method is that it is computationally efficient such that a large amount impact
scenario at different structural locations can be carried out. This builds a complete picture of the
structural damage information and exposes critical locations that experience maximum structural
damage. This method should be verified against the fully coupled method or equivalent before
massive simulations are performed (refer Commentary section Annex B .8.4).
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Ice Crushing Process |,_| Structural Deformation Process|

Decoupled Method based on Nonlinear FEM
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Decoupled Method based on Simplified Calculation

External Mechanics [No or Partially| Internal Mechanics

Ice Failure Process | No | Structural Deformation Process|

Coupling strategy

Figure 15. Analyses methods based on different coupling strategies.

The Nonlinear FEM — based decoupled approach focuses on the internal mechanics and shall yield
realistic ice structure interactions for various ice local geometries. Refer Annex B .5.5.2 for more
details.

The resistance to deformation and penetration can be based either on simplified formulas (see Annex
B .6) or nonlinear finite element analysis of a rigid ice feature impacting a deformable structure.

Annex B .8.4 Partially-Coupled Analysis
This section gives additional comments to Annex B .5.2 concerning the partially-coupled analysis.
When the local geometry of a glacial ice feature is not sharper than the critical sharpness (refer Annex
B .3), ice crushing does not influence the structural deformation significantly. Thus, the partially-
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coupled method with one-way coupling (i.e., the ice crushing process is influenced by structural
deformation but not vice versa) may be used with acceptable accuracy.

Figure 16 compares the maximum structure damage (in form of structural deformation) predicted
with different methods for various local sharpness of the glacial ice feature (Lu et al., 2019). The
partially-coupled analysis yields reasonably good results with significantly less computational costs
when the radius of curvature of the local ice geometry is larger than 0.8 times of the stiffened panel
length.

Turning point Critical geometry

1.4
Partially-coupled analyses
—=— Decoupled simple calculation
12k —&— Fully-coupled analyses

Y
T

* Partially-coupled analyses works fine in this
region

* The decoupled simplified approach is less
conservative

* Both the partially-couple

analysis and the decoupled

Maximum structural deformation [m]
o
o)
T

0.6 simplified calculation are too
conservative in this region >—<§
0.4
0.2 ! ! | ! \
0 0.2 0.4 0.6 0.8 1 1.2 14

<M| Ice’s radius of curvature / stiffened panel length Im>

Figure 16. Application of different methods with varying local sharpness of the glacial ice feature.

While performing partially-coupled analyses, the customised ice - structure contact algorithm shall
take into account ice deformation characterised as force versus nominal contact areas or force —
deformation relationships at various locations of the installation. The force — displacement curves at
various structural locations are inputs to the simulator and shall be obtained a prior through nonlinear
dynamic finite element analysis. The number of curves should be sufficient to cover all the
representative locations. Figure 17 shows an example of eleven representative impact locations that
were investigated for a semi-submersible structure (Lu et al., 2018).
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Figure 17. Construction of the local response curves around an installation (e.g., a semi-submersible)

based on selected 11 representative locations on the pontoon and column (dark regions have no
data).

To obtain comprehensive information of structural damage, at least 1000 impact scenarios (covering
various impact heights, orientations and angles of the incoming glacial ice feature) should be
simulated for one quarter of the structure (if the structure the quarterly symmetric). The massive
simulation results can be summarised into a damage map with colours representing severity of
structural damage, as exemplified in Figure 18.

Figure 18. An example of damage map obtained by simulating around 1800 impact events at a
quarter of the structure. A maximum deformation around 0.59 m and critical locations are
illustrated.
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Annex B .8.5 The Correction Factor
This section gives additional comments to Annex B .5.5 in relation to the correction factor. The
correction factor given in Annex B .5.5 originates from observations of the damage obtained in
coupled numerical simulation conducted by Yu et al. (2019). Figure 19 shows force deformation
relationships for an ice feature with 2.3 m radius of curvature impacting different locations on a semi-
submersible platform column. The dark curves in the ‘structure domain’ of the plots are obtained

using the ductile design approach; the red curves are obtained by performing fully coupled ice-
structure interaction analysis.

The effect of ice structure interaction is shown to be closely related to the initial collapse resistance
of the studied strength members, which is about 1MN for stiffened panels, 4 MN for the platform
bulkhead and 10 MN for the intersection of the bulkhead and the deck, respectively. This leads to
ductile response for the stiffened panels (red and dark curves for structural deformation overlap with
each other), shared energy response for the platform bulkhead and strength response for the

intersection (red and dark curves for ice crushing process overlap with each other), considering a total
energy of 7.5 MJ.

Therefore, a simple treatment is to relate the interaction effect to the initial collapse load of the
structure. The strength design corresponds to a correction factor of 1.0 and ductile design 0.0. Linear
interpolation is used between the two extremes.
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Figure 19 Force deformation relationships for a semi-submersible and ice with a curvature radius of
2.3 m.

Annex B .8.6 Discussion of the fracture criterion recommended in DNV RP C208
This section additionally discusses the fracture criterion recommended in DNV RP C208 in Annex
B .5.5.2. Storheim et al. (2017) discussed the accuracy of different fracture criteria in Figure 20 and
Figure 21 by comparing simulation curves with results from the stiffened panel indentation
experiments by Alsos and Amdahl (2009) and the plate tearing tests by Simonsen and Térnqvist (2004).
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The results show that the fracture criterion recommended by DNV RP C208 predicts too early fracture
with the peak structural resistance being virtually half of the experimental capacity. This is considered
overly conservative. The BWH criterion agrees reasonably well with the experimental curve.
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Figure 20. Force-displacement results from simulation of the indentation experiment two flatbar
stiffeners from Alsos and Amdahl (2009) with different fracture criteria. Continuous lines are with
element length equal to thickness, whereas dashed lines are with element length ten times the
thickness. Data and simulation from Storheim et al. (2017).
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Figure 21 Force-displacement results from simulation of the plate tearing tests from Simonsen and
Tornqvist (2004) using different fracture criterion with the element length equal to thickness. Data
and simulation from Storheim et al. (2017).

Annex B .8.7 Calibration of ice material models
This section gives additional discription to Annex B .5.5.2 concerning the calibration of ice materials.
The background for the requirement that the ice model used in the damage calculation must be
calibrated against a target curve is demonstrated by the force-displacement curves in Figure 22. With
a common failure criterion, the ice force-deformation curve increases with increasing volume element
size. Thus, the failure criterion must be adjusted for different sizes so as to match the target design
curve.
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Figure 22. Mesh size dependence of ice crushing (the dark curve is the target force — displacement
curve).
Figure 23 shows the results of two different numerical setups for calibration of the ice material to
match the target force-deformation relationship (black curve). The red curve is obtained by pushing a
spherical, rigid indenter into an ice block (Figure 24 left). Because the ice block has a relatively high
confinement, material parameters representing relatively weaker ice (i.e., early failure strains) are
needed to match with the dark curve. When a spherical ice with the same radius is crushed against a

rigid wall using the above calibrated failure criterion, the lower blue curve is obtained due to less
confinement.

However, if calibration is made by directly crushing a spherical ice feature with a rigid wall (Figure 24
right), material parameters corresponding to a stronger ice is needed due to less confinement (the
green curve).

The behaviour for the blue curve (i.e., weak ice) seems physically sound, but experimental evidence is
lacking at present. Hence the ice material should be conservatively calibrated against the target curve
by crushing an ice indenter against a rigid, plane plate as shown by the green curve.
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Figure 23. Ice force-deformation curves and corresponding failure criterions using two different
ways of calibration.
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Figure 24. Two numerical setups to calibrate the ice material model (the right-hand side numerical
set up is recommended).
Annex B .8.8 Pressure area relationship

This section presents some comments to the pressure area relationship in Annex B .5.5.2. Ice actions
on offshore structures are often described via pressure-area (p-A) relationships of the form p= CoA™
where G is a constant. The exponent ex is typically in the range of -0.7 to 0.0 for local design of plates
and stiffeners in the ULS (actions with annual probability of occurrence 102). Thus, the pressure
decreases fast with increasing area. The same expression, but with a larger Cy, is often specified for
ALS conditions (annual probability of occurrence 10%). Unless strength design is aimed for, it is not
necessary to check plates and stiffeners for these pressure levels. ALS checks concern generally
deformations of stiffened panels and adjacent frames, decks etc., where the local high-pressure zones
considered in ULS design are of less relevance. Thus, average pressures (process pressures) that are
significantly less dependent on the contact area should be used. Unless otherwise substantiated by
experiments, ex = -0.1 should be adopted. The factor C, depend on the ice conditions in the area. In
lieu of more accurate information, for structures operating in the Barents Sea it is recommended to
use Cp = 3.2 adopted in the IACS UR for PC3 Polar class ships (IACS, 2011). This corresponds quite well
to the average forces obtained in the Pond-Inlet tests with 2.3 m radius indenter (GEOTECH, 1985).

Annex B .8.9 Moving ice loads

Additional comments on moving ice load in Annex B .5.5.3 are presented here. The structural
resistance to a moving ice load may be considerably smaller than that caused by lateral indentation
to the same depth. Figure 25 shows the resistance of a stiffened panel in a semi-submersible platform
column subjected to moving ice loads with different indentation depths. The force level during the
sliding phase is virtually half of the peak value of the indentation stage provided that the outer shell
is not torn open (dent depths 0.30 m and 0.45 m). During ice sliding, a large portion of the panel is
subjected to biaxial tension. Should an initial crack be produced during deformation, continuous torn-
open of the outer shell will occur with a steady force (cases with initial dents depths 0.60 m and 0.90
m).
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Figure 25. The structural resistance of a semi-submersible column stiffened panel under moving ice
loads with different initial dent depths. The total displacement includes both initial indentation stage
and subsequent ice sliding stage.
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