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ABSTRACT

The purpose of this work is to perform an extreme value
estimation of the mooring loads associated with station-keeping
of a ship operating in ice. In general, the design of mooring lines
is based on estimation of the extreme loading caused by
environmental conditions within the relevant area. In March
2017, station-keeping trials (SKT) in drifting ice were performed
as part of a project headed by Statoil in the Bay of Bothnia. The
objective was to investigate the characteristics of the mooring
loads for the supply vessel Magne Viking for different types of
physical ice management schemes. Tor Viking was employed as
an ice breaker as part of the physical ice management systems.
The ice conditions (i.e. the ice drift velocity and the ice
thickness) during the trials were monitored by using Ice Profiling
Sensors (IPSs). Different patterns of ice-breaking manoeuvers
were investigated as part of the physical ice management
systems, such as square updrift, round circle, circle updrift and
linear updrift pattern were studied as part of the field
experiments. The peak values of the mooring loads for the supply
vessel are determined by using the min peak prominence
method. For the purpose of extreme value prediction, the peak
over threshold method and block maxima method for a specific
time window are applied to estimate the mooring loads that
correspond to specific probabilities of exceedance (or
equivalently: return periods). These loads can then be compared
to the design loads that are being specified by relevant
international standards.
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NOMENCLATURE

ADCP Acoustic Doppler current profiler

BM Block maxima

MBL  Minimum breaking load
IM Ice management
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MV Magne Viking
POT  Peak over threshold
SKT  Station-keeping trials (in ice)
SWL  Safe working load

TV Tor Viking
ULS  Upward looking sonar

INTRODUCTION

Increasing offshore activities in the Arctic region also imply
an increasing number of marine operations in this area.
Accordingly, the ability to predict ice loads and corresponding
load effects on stationary ship structures in a precise way will be
essential with respect to safety, integrity, cost efficiency and
regularity of such operations. However, data from different full-
scale testing scenarios for stationary floating structure is limited,
and even less are publicly available. In order to collect more
relevant data, Statoil conducted station keeping trials (SKT) in
drifting ice in the Bay of Bothnia in March 2017. Two anchor
handling and tug vessels, Magne Viking (MV) and Tor Viking
(TV) were applied in order to obtain the full-scale measurement.
An overview of the different parts of the SKT project is given in
[1]. Traditionally, numerical simulations and Ice basin tests have
been employed in order to study ice actions and structural
responses due to sea ice. However, the numerical simulations
still require further research in order for them to be validated.
Not the least, such validation should be based on full scale tests
[2].

Furthermore, the ISO 19906 standard allows design
methods based on full-scale measurements in order to quantify
the ice parameters and design ice loads for offshore structure[3].
Typically, for permanent mooring systems both overloading and
fatigue are of primary concern [4]. The present study is mainly
concerned with design against overloading, and accordingly
analysis of extreme mooring loads is in focus. For offshore
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operations in cold regions, the associated low temperatures can
enhance the hardness of steel materials, which contributes to
fatigue endurance [4]. In case of mobile units, only analysis for
extreme response is required for the mooring system [5]. For the
ultimate limit state (i.e. overload), design with respect to an
extreme tension load effect with a certain return period is in
general required|[3, 6].

Hence, the aim of the present study is to estimate the
extreme mooring loads based on full-scale measurements during
station-keeping trials (SKT) in drifting ice. Different
management schemes under the different ice conditions [7] are
considered in order to estimate short-term extreme mooring
loads. Extrapolation to long-term extreme loads is also
discussed.

ICE MANAGEMENT

Ice management generally involves various operational
procedures so as to reduce the ice action on various types of
offshore structures [8, 9]. For the present full-scale experiment,
various types of ice management schemes are applied in relation
to the station keeping trials for various ice conditions. Traditional
ice management schemes have been based on circular or some
form of elliptical pattern. Such patterns allow the icebreaker to
maintain a relatively high/effective speed for most ice
conditions. Positive experience with such a scheme is reported
by several operators. Circular and elliptical patterns are
preferable since they are effective, and relatively easy to use[10].
For some other patterns, i.e. the square pattern abrupt turns are
required which are difficult to achieve, especially during the first
cut of unbroken sea ice.

o
(b) Magne Viking

Fig.1 Pictures of supply vessel and icebreaker [10]

In the present full-scale experiments two vessels are
involved i.e. one ice-breaking vessel and one stationary supply
vessel. The first vessel is the Tor Viking (7F) as shown in figure
1a, for which the class notation is ICE-10 icebreaker. This vessel
was built by Kvaerner Leirvik in the year 2000. The major role
of TV was to provide ice management and anchor handling
support for the stationary vessel M} which is shown in figure 1b.
The class notation of MV is DNV ICE-1A. It was built by
Astilleros Zamakona in the year 2011. The dimension of both
two vessels are given in [11].

Four patterns of the ice management applied during the full-
scale trials are illustrated in figure 2. The corresponding
measurement records are presently analyzed in order to estimate
the extreme mooring forces. There are the different pros and cons
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for each pattern relatively owning to the many factors i.e. the
ability of the icebreaker, weather condition, visualization, ice
conditions etc. Before the hand, the selected ice management
pattern can be maintained by using the ship’s Electronic chart
display and information system (ECDIS) to plan the route of the
ice breaker. This tool is very usual full and effective, especially
during the period of the low visibility [10]. Since the relative low
maneuverability of the 7V in the level ice. The most challenge
part of the ice management became the initiating pattern.
Especially, the first loop is the most difficult as the ice is
unbroken. Therefore, the speed of the vessel was relatively low
in the first turn, which takes relatively long time in order to make
the first pass compared to subsequent passes.

(a) Case 1: Square updrift tracks (b) Case 2: Round circle track

(c) Case 3: Circle updrift tracks  (d) Case 4: Linear updrift track

Fig.2 Patterns of ice management schemes applied during full-scale tests

The first pattern is the square updrift track (relative to) MV
as shown in figure 2a. This pattern is based on straight-line
motion, which allows the vessel to increase the speed before
making sharp 90 degree turns at the transition points. However,
the combination of high speeds and sharp turns associated with
the square pattern can cause excessive roll of the vessel. The
second pattern is the round circle track as illustrated in figure 2b.
It is suitable for the range of low drift speed in order to minimize
the outgoing floe size and produce a large quantity of brash.
Third pattern is the circle updrift track as shown in figure 2c. The
circular approach can be resumed the ice floes being broken. It
is easily pushed the ice into the previous track, which is
significant reduction turning resistance. Therefore, the higher
speeds typically about 10-12 knots were achieved after the ice
management was initialized. The circular approach is the most
effective and preferable in the most condition experienced during
the trials, except when the ice drift was relatively high and the
ice was relatively severe[10]. Fourth pattern is the linear updrift
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track as illustrated in figure 2d. It is the novel pattern that had
been implemented in IM operation for station-keeping trials in
ice.

The full-scale ice management tests were performed during
different days. The weather forecast was applied in order to
predict the weather and ice conditions before planning the test.
Several tests were performed during the project [1]. The time
table of the full-scale measurement for each pattern of ice
management operation is listed in the table 1. The schedule is
slightly different with the planning. This research, the time
schedule in the table is based on the real time record of TV’s
track when it started and finished the IM operations.

Table 1- The schedule for each pattern of IM operations

IM operation Date Time
Square updrift pattern 9-Mar 2017 11:00:00 —13:25:00
Round circle pattern 12-Mar 2017 10:00:00 —14:25:00
Circle updrift pattern 16-Mar 2017 19:40:00 —21:40:00
Linear updrift pattern 16-Mar 2017 21:40:00 -00:30:00
WEATHER CONDITIONS

The met-ocean conditions during the field experiment were
recorded, such as air temperature, wind speed, wind direction,
ice draft, ice drift speed, ice concentration etc. Four ice profiler
measurement systems were installed and moored to the seabed.
The location of these four measurement stations are given in [7].
The ice profilers, which installed at the mooring buoys was
typically resided approximately 35 - 45 m below the water
surface. The IPSs are utilized to measure ice draft so as to obtain
an estimation of the ice thickness as well as the ice ridges. The
acoustic Doppler current profilers (ADCP) is deployed to
measure the ice drift speed and direction. The detail of met-ocean
condition is given in [7]. The general data of met-ocean during
the testing date are listed in table 2.

Table 2- Summary of met-ocean data during the tests [12]

Pattern (a) | Pattern (b) | Pattern (c) | Pattern (d)
Item
9-Mar 12-Mar 16-Mar 16-Mar
Level ice thickness, m | 0.25-0.40 | 0.25-0.5 0.5-0.6 0.5-0.6
Rafted ice thickness, m 0.5-0.8 0.5-1.0 0.7-1.10 0.7-1.10
Ice ridges .
(width/height), m Nil 10/1 -2 5/1-2 5/1-2
Ice drift speed, m/s 0.1-0.3 0.06 0.1 0.1
Ice floe size (intact), m | 100 - 1000 | 100-1000 | 100-1000 | 100-1000
Ice concentration, th 9-10 9-10 9-10 9-10
Ice pressure (Rus scale) 1 1 1 1
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Ice salinity, ppt 0.5 0.6 0.6 0.6
Sea water density, 1002 1002 1002 1002
kg/m3
Wind speed, m/s 8-15 4-7 8-11 8-11
Wind direction, deg 190 230 280 280
Visibility, nm 05-3.0 20-40 20-30 20-30
Air temperature, deg C -2t0-0 -1to0 -1to+3 -1to+3
Sea water temperature, 03 04 04 04
deg C
Comp strength, MPa 38 3 25 25
Flex strength, MPa 0.7 0.5 0.5 0.5

The ice draft measured by the IPSs and the ice drift speed
measured by the ADCP are shown in figure 3. The drift speed of
the ice is highest during the test with pattern 1: the square updrift
tracks. The drift speed of the ice lowest during the test with
pattern 2: the round circle track. In the pattern 4, the drift speed
is more fluctuated during the test. The mean values of the ice
drift speed for each tests are 27, 6, 18, and 16 cm/s, respectively.
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d) Ice thickness and ice drift speed during linear updrift breaking pattern

Fig.3 Ice draft and ice drift speed during the full scale measurement
of mooring loads [13]

b) 12/03/2017, 13:00:00

¢) 16/03/2017, 20:00:00 d) 16/03/2017, 23:59:59

Fig.4 Images from camera records at M}V during the full-scale test[13]

Moreover, the cameras are also utilized in order to record the
ice surface around the supply vessel, MV. Altogether 15 cameras
were install in order to record the images once a second. The
visual images are not only utilized to estimate the average size
of the ice floes ,but they can also be used in order to estimate the
ice drift velocity around the supply vessel [14]. Furthermore, the
pictures serve to visualize the characteristics of the surrounding
environments such as surface snow cover (provided there is
sufficient light for the cameras to work). Furthermore, due to
wind snow may stick to the camera lenses, which can cause the
pictures to be more or less blurred. Figure 4 provides some
illustration of the ice surfaces in front of MV in the direction of
the incoming ice drift for each of the four different test periods.

MOORING LINE SYSTEM

The tension in the mooring line was measured during the
full-scale experiments by means of a load cell, which was
connected between the bow of MV and the mooring chain as
illustrated in figure 5. The load cell is of the Vetek D200 type,
which is based on a hard-wired strain-gauge and with a safe
working load (SWL) of 150 tons (£0.1%) [15]. The mooring
equipment was rented from 1SO Intermoor, and the details of the
mooring and anchor system are given in [11].

The steel wire which constitutes a section of the mooring
line has a minimum breaking loads, 223 Ton. It is intended as a
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weak link/ultimate load barrier and will break if the loads exceed
the operational limit in the case of an uncontrollable situation.
For emergency disconnection of the mooring line, a hydraulic
wire cutter was installed in the weak link section close to the
mooring attachment point on the forecastle deck of MV.

(a) Location of load cell in the mooring line [15]

Wire cutter Load Cell ~ 76mm chain R4

!
ol — -

LL, Weak Link 56 mm Wire MBL 223T

(b) Mooring connection arrangement [11]

Fig.5 Location of the load cell for monitoring of mooring loads
LOADING MECHANISM AND PEAK DETECTION

The time variation of the mooring load will clearly depend
on the corresponding time variation of the ship-ice interaction
process, and this applies in particular to the ice breaking process.
The time series of the measured ice induced mooring loads
generally consists of a sequence of impulses with quite sharp
peaks [16]. The ice-induced loading process can be split into
three distinct stages, i.e. the approaching stage, the crushing
stage and the disengaging stage [16]. During the full-scale
experiments, the ice concentration was very high, i.e. at a level
of approximately 9.5 out of 10. For the periods with the highest
ice concentrations, the approaching stage of the ice-induced
mooring load is of very short duration as illustrated in figure 6.
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Fig.6 Three stages of the ice load generation process
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The three-stage process of the mooring load will be
continuously repeated when the ship hull encounters successive
ice edges.

The peaks of the mooring line loads are determined by using
the peak prominence method from the Matlab toolbox [17]. This
method is based on the shorted vertical distances from the lowest
neighboring valley to each peak. The peak prominence method
can be applied in order to avoid that small peaks caused by signal
noise are included as part of the recorded time series. An example
of a sequence of peak detections by means of this method is
illustrated in figure 7. The peak amplitudes of the mooring load
are next employed in order to perform extreme value
distributions.
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Fig.7 Example of the process for peak prominence detection.

EXTREME VALUE PREDICTION

The peak mooring loads from the full-scale measurement
are represented by a random variable in order to perform an
extreme value analysis. The sample values of the peak loads, i.e.
Xy Xy, are assumed to be independent realizations of the

same underlying variable with a given probability distribution.
This initial distribution function, F(X) can be used to establish

the extreme value distribution [18] for 77, which is the largest
value among in a sample of size N :

P(n)="Prob(X, <n,..,Xy <n) )

According to the assumption of independence and
identically distributed outcomes, equation 1 can be rewritten as
given in equation 2:

PUﬂ=Iijwxism=[R(nﬂN )

where N is the number of ice load peak events for the
specific period under consideration.
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The extreme value distribution can be determine by means
of different approaches. In the present study, two approaches for
this purpose. The first method is the peak over threshold method
(POT). The peak data points which exceed a certain threshold are
then fitted by an extreme value distribution function. The
formulation for the extreme value analysis by the POT method is
described e.g. in [19, 20].

The second method is the block maxima (BM) method, for
which the largest peak of the mooring load within time windows
of a fixed duration. These peaks are then applied in order to fit
the initial distribution, F(X) . This fitted distribution is then

inserted in equation (2) in order to arrive at the extreme value
distribution.

a) Peak over threshold method b) Block maxima method

Fig.8 The concept of peak over threshold and block maxima method
(https://kturnbullblog.wordpress.com/)

For the block maxima method, the extreme value
corresponding to a specific exceedance probability level, A, is
given in equation 3. Here, N denotes the number of blocks into
which the measurement record is divided:

n=F[@-2)"] 3)

For the short-term extreme mooring loads in the connection
with experimental duration, the relationship between exceedance
probability, 4 and return period measured by number of days,

T., 1sgivenin equation 4. Here, T, is the duration ofa given

full-scale test measured in number of hours. R is a reduction
factor due to the operation frequency (i.e. the time in
operation divided by the total time).

1
A @
Ti. R'Tday

test

The Gumbel distribution is much applied in connection with
extreme value analysis. The equations for the cumulative
distribution function (CDF) and the probability density function
(PDF) are given in equation 5 and 6.

o]
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fo (X) = %exp (%)exp {—exp {—(%ﬂ} (6)

where f and a are the location and scale parameters,

respectively. These parameters can be estimated e.g. by using
least square fitting in a probability paper, by the method of
moments or by the maximum likelihood method.

RESULTS AND DISCUSSION

For the full-scale station-keeping trials (SKT) in drifting ice, the
icebreaker, TV is employed for the purpose of ice management.
The ice was broken in the updrift direction relative to the
stationary supply vessel, thus reducing the ice loads on this
vessel. The ice drift behavior was monitoring by two types of
instruments with the local station by ADCP measurement and ice
drift beacon, which installed on the sea ice [7]. During the IM
operations, the ice rose diagram can be applied to demonstrate
the ice drift speed and directions [21]. The traveling tracks of
icebreaker and supply vessel for each pattern scheme during IM
operations in the latitude and longitude angles are shown in
figure 9. Four different schemes for ice management are studied.
The real tracks of the icebreaker during each IM operation are
slightly different from the planned one due to variation of ice
thickness, ice drift speed and the ice capabilities of the
icebreaker.
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Fig.9 Trajectory of TV and MV during the IM operations for station-
keeping trials in drifting ice

Time series of mooring loads during each of the ice management
operations are provided by the load cell with one recording every
second. The peak loads of the mooring line were computed by
using the peak prominence method in order to avoid the local
peaks caused by signal noise. The value of the minimum
prominence for peak detection was set equals to 2 ton in the
analysis. The results of the peak detection in the time series of
the mooring load for different cases of IM operation are shown
in figure 10.
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Fig.10 Mooring forces for different IM schemes

The peak values of the mooring load time series are used to
perform the short-term extreme value analysis. The results of
extreme mooring loads estimated by the peak over threshold
(POT) method and the block maxima (BM) method were
compared. The peak data points for the BM method were fitted
to various probabilistic models in order to determine the initial
distribution (or parent distribution) to be applied for the extreme
value analysis. Subsequently, the Gumbel distribution was found
to provide the most appropriate fitting of the extreme mooring
load peaks for both POT and BM methods. Examples of fitting
the peak mooring loads by the Gumbel distribution for both the
POT and BM methods for the case with the Square updrift
pattern are illustrated in figure 11 and 12, respectively.
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Fig.12 Example of data fitting for the initial distribution by the block
maxima method

It is found that the extreme mooring load distribution
obtained by the POT and the BM methods are sensitive
respectively to the applied value of the threshold and to the
length of the time window. Examples of extreme mooring load
PDFs obtained by varying the threshold value for case 3 are
illustrated in figure 13. The proper threshold value to be applied
by the POT method needs careful consideration since higher
threshold values will result in a smaller and smaller number of
data points to be applied for the fitting.
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Fig.13 Examples of extreme mooring load PDFs by varying the threshold
values for the POT method for the case with circle updrift pattern
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For the BM method, the duration of the time window can be
selected within the range from approximately 5 to 25 minutes.
The time window for extreme mooring analysis is longer than
the time window for the extreme ice loads on the ship hull itself,
which is typically about one-five minutes [16, 22]. This is due to
the peak mooring loads being caused by the integrated effect of
all the local ice loads acting on the ship hull. This causes the
interval between the mooring load peaks to be longer than the
interval between the local ice load peaks. Examples of sensitivity
studies with respect to the duration of the time window for the
BM method (for case 3: circle updrift pattern) are illustrated in
figure 14.

3 minutes
5 minutes
0.015 10 minutes
15 minutes
20 minutes
n 0.01
[a)
o
0.005
0 %) — | |
0 100 200 300 400 500

Mooirng force [Ton]
Fig.14 Examplex of extreme mooring load PDFs by varying the threshold
values for the BM method (for the case of circle updrift pattern)

The location and shape parameters of the Gumbel extreme
value distribution obtained by the POT and BM methods are
listed in table 3.

The PDFs of the extreme peak loads obtained by the POT
method tend to provides higher values than the BM method, but
with case 3 being an exception. Suyuthi, Leira and Riska [22]
also performed extreme value estimation by using the initial
distribution for the peak loads and applying the number of peak
data points equal to the parameter, N in equation 2. This provides
extreme load distributions close to those obtained by the BM
method.

A comparison of extreme mooring load PDFs obtained by the
POT and BM methods for each pattern of IM operations is shown
in figure 15.

0.02 | POT method 002 | POT method
| BM method | BM method
— — — MBL of steel wire | — — —MBL of steel wire
0.015 0.015 ;
: MBL of mooring chain } MBL of mooring chain
I I
o 0.01 | a 001 |
| |
| |
0.005 | 0.005 |
|
0 0 J
0 200 400 600 800 0 200 400 600 800

Mooring force [Ton] Mooring force [Ton]

(a) Case 1: Square updrift pattern (b) Case 2: Round circle pattern
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(c) Case 3: Circle updrift pattern (d) Case 4: Linear updrift pattern

Fig.15 Comparison of extreme mooring load PDFs obtained by the POT
and BM methods for each pattern of IM operations

Peak over threshold (POT) Block maxima (BM)
Threshold | Location Scale WT:;;W NUOTb' Location Scale
(Ton) parameter | parameter (minutes)l | block parameter | parameter
Cise 80 | 130.227 | 34.569 15 11 | 133.922 | 26307
Cgse 83 | 140362 | 38.009 15 17 | 116.748 | 28.527
Cgse 65 |103.899 | 29.261 10 12 | 105.670 | 28.600
cjse 68 | 119.723 | 41.997 25 6 | 148651 | 25.197

Table 3- The shape and location parameters of the Gumbel distribution
for extreme value analysis by the POT and BM methods

During the full-scale measurements, the mean values and
standard deviations of the level ice thickness, the ice draft and
the ice drift speed are recorded as shown in figure 16, 17 and 18,
respectively. The statistical parameters of the level ice thickness
and the ice raft/ridges were calculated from the recorded IPS
time series. However, the records of ice draft from the IPS is
unable to distinguish between level ice thickness, consolidated
layer or ice rubble. Therefore, the maximum values of the last
ten years from drilling data related to level ice thickness [23] in
the Bay of Bothnia were used to distinguish between the data
pertaining to the level ice thickness and ice raft/ridge in the time
series.

The maximum level ice thickness and ice draft occurred
during the IM operations in case 3 and 4, respectively. The
highest ice drift speed occurs during case 1: square updrift
pattern, while the ice thickness and ice draft had the lowest mean
values for this case.

Level ice thickness
1 T T T T

O Mean value
T standard deviation

[m]

0.4

02F

0 . . L .
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Fig.16 The level ice thickness during ice management operations.
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Fig.17 The keel of ice raft/ridge during ice management operations.
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Fig.18 Ice drift speed during ice management operations.
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Fig.19 Comparison of extreme mooring force estimated by different
methods corresponding to the return period and reduction factor, R

The results for the short-term extreme mooring loads
obtained by the POT and BM methods are in good agreement.
Both methods provide the same trends for the extrapolated long-
term extreme mooring loads corresponding to the return period
and reduction factor, R for each IM operation as illustrated in
figure 19. The maximum difference between the long-term
extreme mooring loads obtained by the two method is
approximately 15 percent.

V007T07A018-9

According to offshore standard for general marine operation
by DNV-OS-H101[24], the accepted return period for design of
marine operation depends upon the reference period in the field
operation. In this experiment, a one-week operation was
considered for the full-scale mooring test (not including
installation, dynamic positioning test and other tests). The
minimum accepted design return period for a one-week
operation is three months, which were used in short-term
extreme value analysis. However, it should also be kept in mind
that this offshore standard was originally developed for
operations in open water.

For a three months return period and reduction factor, R of
operation frequency with 0.375, case 4 (with the linear updrift
scheme) tends to provide the highest extreme mooring forces
with 320 ton and 298 ton for the POT and BM methods,
respectively. This is higher than the capacity of the load cell (150
ton) and the minimum breaking load, (MBL = 223 ton) of the
steel wire.

The minimum extreme mooring load occurred for case 3: the
circle updrift pattern with estimates of 227 ton and 274 ton for
the POT and the BM methods, respectively.

The efficiency of the different ice management schemes
were quantified by considering the ratio between the ice
thickness/draft and extreme mooring loads as illustrated in figure
21. It is found that case 1: square updrift pattern and case 2:
round circle pattern provide the lowest efficiencies of the IM
operations. Moreover, during case 2, the thrusters of the supply
vessel, MV were also applied in order to support the mooring
system, which the weakest link at the load cell has the maximum
capacity about 150 ton as illustrated in figure 20. However, only
the mooring loads for case 2 are employed for the purpose of
short-term extreme mooring load analysis.

Mooring and Thrusters
Mooring

150
g 100
[

50

0 ‘ ‘
10:00 11:00 12:00 13:00 14:00
Time

Fig.20 Comparison of extreme mooring force between POT and BM with
0.01 exceeding probability

The highest efficiency of ice management schemes seems to
occur for case 3: circle updrift pattern, following by case 4: linear
updrift pattern because they provide sharp traces of the
icebreaker, which serves to cut the sea ice in the updrift direction
as shown in figure 9.
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Fig.21 Efficiency of ice management operations by considered extreme
loads and ice thickness/draft for level ice and ridges, respectively.

The major factors influencing the IM operations are the level
ice thickness, ice draft, ice drift speed and capacity of the
icebreaker [8]. Regarding the ice conditions, the ice
thickness/draft and ice drift speed can be considered for
calculation of the average unit ice momentum in order to
estimate the efficiency of the IM operations as demonstrated in
figure 22. The unit momentum is calculated from the average
mass corresponding to the ice thickness and ice draft multiplied
by the average ice drift speed.

35

—O— POT method
= © —BM method

251

Extreme mooring loads (Ton)

05

Average unit sea ice momentum [kg.m/s] /

Case 1 Case 2 Case 3 Case 4

Fig.22 Efficiency of ice management operations by considered average unit
sea ice momentum.

It found that the highest efficiency of the IM operations by
considering the average unit ice momentum occurs for case 3:
circle updrift pattern, which is the same observation of the
efficiency of the IM operation as obtained by considering only
the ice thickness/draft. However, the efficiency for case 1: square
updrift pattern increases when the momentum is considered
because the sea ice drifts with the highest speed for this case.
This increases the average sea ice momentum. On the other hand,
the lowest efficiency of the IM operations occurred for case 2,

V007T07A018-10

which is the same observation as for the efficiency of the IM
operation by considering only the ice thickness/draft.

The track of the icebreaker for case 2: round circular
pattern covers the whole area around the supply vessel, MV,
Therefore, the efficiency of the ice breaking process in the
upstream direction of the ice drift is reduced due to the short
traveling distance for which the sea ice is cut. This tends to
reduce the efficiency of the IM operation. However, the round
circular pattern is of advantage for regions where the ice drift
directions are changing rapidly.

The short-term extreme mooring loads estimated by the
POT and the BM methods for each IM scheme are normalized
by the maximum observed mooring load as illustrated in figure
23. The maximum normalize values took place in case 4: linear
updrift pattern with 3.0 and 2.8 for the POT and the BM methods,
respectively. Typically, the maximum loads from the simulations
of severe environmental conditions are utilized in order to design
the mooring system. The results of the normalization implies that
there will be a significant increase of the long-term extreme
values as compared to the maximum loads observed during
short-term operations.
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Fig.23 Normalization of extreme value with maximum forces.

Typically, there are several international standards for
mooring design such as DNVGL[25], GL Noble Denton[26],
American Bureau of Shipping (ABS)[27], Bureau Veritas[28],
etc. The safety factors in the international design standards are
introduced in order to cover the uncertainty related to the
estimated extreme loads and the structural resistance.

In this study, the safety factors are quantified in terms of the
reserve strength capacity, calculated as the ratio between the
minimum breaking loads, (MBL = 611 ton ) of the main mooing
chain (76mm type R4) and extreme mooring loading. The
reserve strength of the mooring line is approximately 1.9 (MBL,
611ton / maximum extreme mooring load, 320 ton).
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It is found that the reserve strength capacity of the main
mooring chain is slightly lower than safety factors required by
some relevant design standards i.e. DNVGL (S.F. = 1.9), ABS
(S.F. = 2.25), GL Noble Denton (S.F. = 1.67), Bureau Veritas
(S.F.=1.67). For longer return periods (e.g. 1-year), this implies
that stronger mooring lines should be employed. Moreover, the
mooring systems also has a weak link at the load cell and a safety
wire, which is able to disconnect in the case of an uncontrollable
situation. This also enhances the degree of safety associated with
the operation.

Noticeably, the extreme value analysis is essential in the
context of mooring system design in order to predict the highest
loading that the system will experience during the operation.

CONCLUSION

Short-term extreme value analysis of mooring loads from
full-scale measurements for different ice management schemes
are investigated. The four different patterns of ice management
operations correspond to square updrift, round circle, circle
updrift and linear updrift patterns. The associated extreme
mooring loads are estimated. During the full-scale experiment,
the tension in the mooring line was monitored by a load cell and
the measurements were recorded. The peak loads from the
resulting time series of mooring load are determined in the
present study by peak prominence methods.

The POT and the BM methods are employed in order to
estimate the corresponding short-term extreme value
distributions. The results of the analysis are quite sensitive to the
threshold value for the POT method and to the width of the time
window for the BM method. For the BM method, it is found that
the Gumbel distribution model provides the best fit to the
empirical data for the peak loads. This model is subsequently
applied as the parent distribution for the purpose of extreme
value analysis. The extreme mooring loads, which are estimated
by the two methods for a three-month return period and reduction
factor, R due to operation frequency equal to 0.375, agree quite
well. The maximum difference between the results obtained by
the two methods is about fifteen percent. The uncertainty of the
extreme distribution is mainly from the peak mooring loads,
which is the consequences of global ice loads on the supply
vessel, TV. In this study, the global ice loads were estimated
during the IM operations.

The efficiency of the different ice management schemes is
quantified by two different measures, i.e. the ratio between the
ice thickness/draft and the extreme mooring loads as well as the
ratio between the average unit sea ice momentum and the
extreme mooring load. The maximum efficiency of the ice
management schemes for both of these measures is found for
case 3: the circle updrift pattern. This is followed by case 4: the
linear updrift pattern. The lowest efficiency occurs for case 2: the
round circle pattern.

The minimum reserve strength capacity of the mooring
chain during IM operations (with three-month return period and
reduction factor, R equal to 0.375) is also compared with the
safety factors in relevant design standards, i.e. those of DNVGL,

V007T07A018-11

GL Noble Denton, American Bureau of Shipping (ABS) and
Bureau Veritas. It is found that the reserve strength (in terms of
safety factor) of the mooring chain is 1.9, which is equal to the
requirements to the safety factor of DNV GL, slightly lower than
the requirements to the safety factor of ABS and higher than the
requirements to the safety factor of GL Noble Denton and
Bureau Veritas.

However, the mooring systems is equipped with a weak
link at load cell (150 ton) and safety wire (223 ton), which
implies immediate disconnect in the case of an emergency or
uncontrollable situation. The weak link at load cell has a reserve
strength capacity of approximately 1.3 times the maximum loads
observed during the present IM operations.

Overall, the analysis of extreme mooring loads is essential
for the purpose of mooring system design in order to ensure
adequate safety and integrity of ships and floating structures
during operations in the Arctic
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